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ABSTRACT
e ———————————————————

The emergence of portable computing devices is expected to accelerate the introduction of
wireless Local Area Networks (LANSs). Portable devices require connectivity with low power
consumption, small size and weight. The demand for inexpensive, high-speed communication
links sadsfying these requirements has encouraged the research on infrared wireless
communications.

In this thesis, the fundamentals of infrared communications and different suitable
configurations are reviewed. The basic nature of the infrared channel, the differences between
the infrared channel and radio frequency channel and the important communication problems
faced by infrared systems are explained. An infrared channel simulation algorithm that is used
to estmate its impulse response is described. An extensive set of measurements has been
performed to investigate the effects of receiver rotation, receiver shadowing, receiver
displacement, transmission configuraton and communications environments on the
characteristics of the infrared channel. The characteristics of the wide-band measurement
systemn that was used to collect the infrared channel transfer functions are presented. The
objectives, procedures, results and conclusions of these measurements are discussed and
reported.

Diffusers are an important element of infrared transmission systems. They are used to control
the radiation pattern of the transmitter for efficiency and eye-safety. Holographic diffusers
have been designed and manufactured to provide better infrared radiation patterns. These
diffusers were used in the measurement setup to assess the performance enhancements that
can be achieved by using holographic diffusers. The results show uniform and efficient use of
optcal power and better tolerance to shadowing by using these devices.
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CHAPTER ONE

1 INTRODUCTION
e —

1.1 MOTIVATION

Wireless communications has transformed the life of people during the recent vears. Rapid
developments in wireless personal communications devices such as pagers and cellular phones
have created a different society with its own characteristics. One of the promising new
techniques that could be used to enhance the capabilities of the new generations of
communications devices is the use of infrared wireless access.

Infrared light provides an alternative method for communications that has some advantages
over radio frequency signaling. These advantages may fit some particular applicadons and
provide a much more economical communication scheme. For example, infrared light is being
widely used for short distance point to point connection of portable computers and handheld
devices. _

The potential offered by infrared communications can be achieved only when details of
infrared light generation, modulation, propagation and detection could be well understood.
The research in this thesis has been focused on investigating the characteristics of the infrared
channel and its dependencies upon parameters such as receiver location, receiver odentation
and transmission configuration. This provides better understanding of the expected behavior

of this channel and the results can be used for designing better communication devices that

use infrared light as their carder.



1.2 OUTLINE OF THE THESIS

This thesis is organized into nine chapters. The first chapter covers motvations and gives a
brief outline of the thesis and its contributions. In the second chapter, fundamentals of the
infrared communications systems are reviewed and different optical configurations used for
these systems are illustrated. The basic nature of the infrared channel is explained and modeled
and the differences between an infrared channel and a radio frequency channel are discussed.
Important parameters of an infrared system are defined and described and the characteristc of
background noise sources that is of particular importance for infrared systems is briefly
reviewed.

Simulation and measurement of infrared channel are two important tools that are needed to
investigate the effects of channel parameters on the channel behavior. Chapter 3 covers the
details of simulation of an infrared channel and describes the simulation mechanisms and its
parameters. A wideband measurement system that has been used for characterizaton of
infrared channel is described. A brief overview of the measurement setup and its parameters is
presented. The measurement procedure, system calibration and data processing algorithms are
explained in this chapter.

Chapter 4 investigates the effects of transmission configuration on the characteristics of the
infrared channel. Different configurations are presented and compared in terms of their ability
to reduce the channel path loss or provide more uniform distribution of the received optical
power in a given area. Advantages and disadvantages of the proposed schemes based on their
multipath dispersion as well as implementation suitability are also investigated in this chapter.
Itis shown that an appropriate configuration can have an important impact on the coverage
area of an infrared system.

Chapter 5 presents the results of the measurements performed to investigate the effects of
rotation on the infrared channel characteristics. These measurements were conducted in
different rooms in the School of Information Technology and Engineering at the University of
Ottawa. They contain more than 6000 sets of measured channel transfer functons. They form
a unique and comprehensive database that can be used to extract general site-independent
behavioral characterizations of infrared channel. The measurement procedure and the

obuined results are presented. Using these results, an algorithm is presented that can



accurately predict the varation of channel path loss for a rotating receiver without performing
measurements.

Chapter 6 investigates the effects of receiver displacement on the characteristics of the infrared
channel. Simple mathematical models are developed to provide an analytical view on the
channel variation with respect to displacement. Sets of measurements have been performed to
investigate this effect in real-life environment. The measurement procedure and its results are
also presented in this chapter. The results of these measurements are used to design an
algorithm that can be used to accurately predict the variation of channel path loss and channel
delay spread as a result of receiver displacement.

Chapter 7 addresses the issue of shadowing and its impact on the characteristics of indoor
infrared channel. Measurement setup is used to collect 320 channel transfer functions that
correspond to different shadowing scenarios. Important parameters that specify the shadowing
are identified and their effects on the channel characteristics are presented.

One of the important parts of an infrared communicaton system is the diffuser that is
employed at the transmitter to change its radiation pattern. Using the ideas developed and
presented in Chapter 4, two holographic diffusers have been designed and manufactured.
These diffusers were used in the measurement set up to assess the performance enhancements
that could be achieved by using holographic diffusers. The results of this exercise are presented
in Chapter 8.

Chapter 9 conuins the conclusions of this research and suggestions for possible future

research activitdes in this field.

1.3 THESIS CONTRIBUTIONS

The results reported in this thesis build upon teamwork led by Dr. Kavehrad. The research
was supported by grants from the Canadian Insdtute for Telecommunication Research
(CITR). The measurement setup that has been extensively used to perform the channel
measurements was designed and built primarily by Dr. Q. Jiang who worked as a research
associate in broadband communications research laboratory (BCRL) at the University Of
Ottawa. Measurements of the rotation effect and shadowing effects were performed by Dr. H.
Hashemi and Ming Tai. Parts of the measurements of the displacement effects were also

performed by them and the rest were performed by the author. Dr. Eli Simova implemented
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the holographic diffusers based on author’s specifications and helped the author with the

measurements that investigated their importance for infrared systems.

Contributions of the author during this research are summarized below.
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Enhancement to the simulation algorithm presented in Chapter 3 to increase its speed and
allow it to be used for simulation of multiple sources with controlled field-of-view
configurations.

Investigation of different transmission configurations on the channel characteristics using
the simulation algorithm. Propose several power efficient configurations and compare
their merits for different applications.

Contribution to the specifications and design parameters of the measurement setup.
Contributions to the implementation of the measurcment setup by providing help in the
development of the interface between computer and the measurement system.

Proposing the measurements to include the diffuse configuration and building the glass
diffuser head of the setup for this purpose.

Contribution to the measurement planning and execution for rotation and shadowing
measurements.

Processing all the recorded data from the measurements. That includes the measurements
addressing the effects of rotation, displacement, shadowing and transmission
configurations. Programs have been developed to convert files, normalize and preprocess
results, calculate channel parameters in tme and frequency domain, present results in
appropriate formats and save them for further modeling analysis.

Providing data processing algorithms to differentate between the effects of
noise+interference and the infrared channel in the recorded results.

Processing the recorded data for the rotation measurements using a piecewise linear
algorithm. Results are used to illustrate and explain the general behavior of the channel
transfer function in different frequencies for a rotating receiver.

Provide an algorithm that can be used to accurately predict the angle of maximum received
optcal power in a rotating receiver.

Using the rotation results to show that the variation of the channel path loss with respect
to rotation angle can be accurately modeled using a 4* order polynomial curve fitting

algorithm and by knowing only 5 equally spaced points in the span of 0° to 180°.
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The one-bounce simulation results have a considerable error at the ends of the curve that
relates the variation of channel path loss to the elevation angle of the receiver. It is shown
that this error can be predicted from the knowledge of the system configuration. Provide
an algorithm to estimate this error and thereby enhance the results of the simulaton
algorithm

Propose an algorithm to extend the above observation to include enhancement of the
accuracy of the endre path loss curve for a rotating receiver. Use the measurement results
to show the improvements in the path loss estimate using the proposed algorithm.

It is shown that when the receiver is rotated, the channel path loss and the channel delay
spread are correlated. The measurement results are used to derive the equaton that relates

these two parameters.

Perform parts of the measurements addressing the effects of receiver displacement on the
channel charactenstics.

Analyze the results of these measurements and present the effects of the receiver
displacement on channel characterstics.

The one-bounce simulation algorithm provides channel parameters that are not accurate.
Using the results of the displacement measurements, an algorithm has been developed and
proposed that can enhance the accuracy of the estimated channel path loss and channel
delay spread using the knowledge of the transmission and reception configuration when
the receiver is displaced.

Itis shown that when the receiver is displaced, the channel path loss and the channel delay
spread are highly correlated. Using the measurement results, the equation relating these
two parameters is found and reported.

The results of the shadowing measurements are processed, analyzed and presented. Three
important parameters that determine the amount of shadowing are described and their
respective effects are presented.

Specifying the transmission pattern for the desired holographic diffusers.

Performing the measurements that investigate the effects of holographic diffusers on

channel characteristics.



» Analyzing the measurement results to compare the holographic diffusers against the glass
diffusers. Demonstrate advantages offered by holographic diffusers in terms of uniform

power distribution and providing a link with more resistance to shadowing.



CHAPTER TWO

2 INFRARED LIGHT FOR INDOOR WIRELESS

COMMUNICATIONS
e ————————————

2.1 INTRODUCTION

The emergence of portable terminals is expected to accelerate the introduction of wireless
Local Area Networks (LANSs). Portable devices require low power consumpton, small size
and weight. The demand for inexpensive, high-speed links satisfying these requirements has
encouraged the research on infrared wireless communications. Using infrared (IR) light for
indoor wireless communications is a promising technique with its own advantages compared
o radio frequency waves (RF) [82] [83}](84][103]. At infrared, there is an abundance of
bandwidth, which is free from regulation at the moment. Infrared light does not pass through
walls and therefore is confined to the same room in which it orginates. Hence, each room is a
separate cell without mutual interference with its neighbors. This is a major advantage for
infrared compared to RF because it allows many neighboring cells in a large building to
operate independent infrared links without any interference problem. Infrared devices are
immune to electromagnetic interference (EMI) and this makes them an interesting choice for
environments with high levels of EMI such as factories [66]{29]. It should be noted tha light
itself is an electromagnetic wave and from a physical point of view, EMI includes infrared light
frequencies. However, light detectors used in infrared receivers operate in a frequency range

that is far above the frequency of devices that use radio waves. Therefore, these systems are
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immune from interference caused by radio wave communication devices or electrical devices
that generate radio waves in their operations.

Infrared devices are compact, consume lirde power and due to high volume production of
commercial devices operating in this wavelength region such as compact disks and remote
controllers, can be very inexpensive.

Using infrared for indoor communications has its own disadvantages, too. Due to the limited
range of optical signals and their blockage by solid objects, the transmitter and the receiver
must be located in the same room. If ad-hoc networking for peer-to-peer computer
networking is desired, this does not impose a limitation. However, if connection to a backbone
wired network is desired, a base station or access point is required for each room. This could
potentially increase the installation cost of a wireless infrared-based network compared to its
RF counterpart. Optical transmission is also very sensitive to shadowing by solid objects.
Although there are techniques to reduce this sensitivity, there is no way an optical device can
compete with a low frequency range RF device in its tolerance to shadowing and blockage.
Recendy, there has been a growing interest in using infrared technology for wireless
communications. Computer networking seems to be an interesting application for infrared
technology [67]. A major interest is in using infrared as a means of wireless transmission of
signals for the existing LANSs using IEEE 802.11 standards. Allowing wireless connection to a
backbone cabled LAN without the need for changing the LAN protocols is a major interest
for commercial applications (15){67)[106][34])[117). Currently, there are some available
commercial products that operate on Ethemet™ or Token ring™ networks [50][41]. These
products allow a user to install an infrared device in their computer and connect to the
backbone LAN through a base station as if they are connected using physical wires. IEEE
802.11 group has been formed to standardize wireless access to existing cabled LANss through
infrared and RF carrers.

There has also been some works in using infrared for transferring signals with IEEE 488 and
RS-232/RS-423/RS-422 format [16][17). Infrared can also be used for low cost, consumer
appliances. A remote TV conrroller is a typical example. Other recent works have used
infrared for transmission of high quality, audio signals to small portable receivers [4][18] or to
theater stereo speakers [27][48]. In some museums, an infrared transmitter is mounted on the
ceiling nearby a picture or sculpture. A viewer who is standing in front of the picture can listen

to the audio description of the artwork that is delivered through infrared to a receiver mounted
8



on top of his headphone as he is viewing it. This is a good example of an application where the
limited range of infrared allows co-existence of many independent, non-interfering
transmission cells within a limited area.

One of the most successful initiatives for implementation of infrared technology for data
communication is the Infrared Data Associations (IrDA). In late 1993, an industrial group
spearheaded by HP, IBM, and Sharp was founded to set and support hardware and software
standards, which create infrared communications links. The Association's charter is to create
an interoperable, low-cost, low-power, half-duplex, serial data interconnection standard that
supports a walk-up, point-to-point user model that is adaptable to a wide range of applications
and devices. ItDA standards support a broad range of computing, communications, and
consumer devices. ItDA connectivity is being incorporated into most PC notebooks to bring
the most cost-effective and easy to use support available for wireless technologies. The
important features of IrDA standard are:

7 Simple and low cost implementation

# Low power requirement

# Directed, point-to-point connectivity

» Efficient and reliable data transfer.

There are few US, European or other intemnational regulatory constraints for infrared.
Manufacturers can ship IrDA-enabled products globally without any constraints, and IrDA
functonal devices can be used by international travelers wherever they are, and interference
problems are minimal.

ItDA has developed some standards for infrared communications. In September 1993, IrDA
determined the basis for the IrDA SIR Data Link Standards. In June 1994, ItDA published the
ItDA standards, which includes Serial Infrared (SIR) Link specification, Link Access Protocol
(ItLAP) specification, and Link Management Protocol (ItLMP) specification. ItDA released
extensions to SIR standard including 4Mb/S in October 1995. The IrDA standard
specification has been expanded to include high-speed extensions from 1.152 Mbps and 4.0
Mbps. This extension will require an add-in card to retrofit exising PC's with high-speed
infrared, and synchronous communications controller or equivalent.

In 1995, several market leaders announced or released products with IR features based on
ItDA standards. These products include components, adapters, printers, PC's, personal data

assistants (PDA), notebook computers, LAN access, and software applications. In November
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1995, Microsoft Corporation announced that it has added support for ItDA connectvity to
the Microsoft Windows 95 operating system, enabling low-cost wireless connectivity between
Windows 95 based PC's and peripheral devices. This support will be maintained in the future
releases of the Windows operating systemn.

IrDA featured devices are predicted to be widespread for the business and mobile
environments in future homes and offices. It is estimated that 80-90% of notebooks shipped
in 1998 have the IrDA port installed. Future PC bus architectures will allow many connected
devices to be accessed via a single IrDA access point. Widespread adoption of infrared is
driven by the low cost of implementing the cordless convenience feature in new products.
Some of the infrared consumer applications available today and in the future include printng a
document directly from a notebook, synchronizing electronic telephone books and schedulers,
exchanging business cards between handheld PC's, sending and receiving faxes or email
directly from a notebook PC through a cellular or traditional public telephone, or storing bank
records from ATM machines by making a simple, walk up and point infrared connection.
Industrial and service data collection applications will expand dramatcally utlizing mobile
IrDA enabled devices to improve control, documentaton and docking procedures in the
workplace. Future devices will be able to access home entertainment, security, and automated
environment control systems.

There is also a rapidly growing interest in using infrared for broadband indoor wireless
communications [51][11]. Future portable computers need wide band connections to the
cabled backbone LANSs to transfer high data rates in multimedia communications. Data rates
of more than 10 Mbps are needed for true multimedia communications in the future portables.
Speaking of this range of data rates, there are major technological limitations ahead of both RF
and infrared technology. Noting that a portable terminal has a limited battery power and has to
be inexpensive, lightweight and small, the challenge of providing such a service is an important
research area for scientific community.

Theoretcal studies on modulation and coding aspects of a broadband indoor infrared system
have been done by many researchers [23][51(6][201(8][62](61](63][9]. Among different
modulation techniques, On-Off Keying (OOK) and L-Pulse Position Modulation (L-PPM)
seem to be more attractive for infrared communications. OOK is simple and easier to equalize.

L-PPM is more power efficient but is generally more complex to equalize. A brief overview of
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the common modulation schemes for infrared communication systems is presented in the last

section of this chapter.

2.2 OPTICAL CONFIGURATIONS

Indoor-unguided optical communications can be implemented in several different ways.
Figure 1 [12] shows different possible configurations for an optcal link. A directed LOS
configuradon, illustrated in this figure, uses a collimated beam from the transmitter to the
receiver and a narrow Field-Of-View (FOV) receiver. Alignment between the receiver and
transmitter is essental in this configuradon. Such a configuration is suitable for one-to-one
communications and for each additional receiver, there is a need for an addidonal transmitter
looking into that direction. In this configuration, light signal is confined to a narrow beam and
the receiver with a limited FOV detects only the light signals from the transmitter direction.
There are almost no reflections of light by other objects detected by the receiver and therefore
there is no multipath problem in this configuration. Confinement of light to a limited direction
also allows a more efficient use of optical energy in carrying information. Power levels can be
increased up to the safety limits, increasing the resulting SNR for this configuration. Hence, it
is possible to achieve very high data rates using this configuration.

Yen and Crawford [124] presented a wireless link using narrow beam infrared transmitters
with 2 beamwidth of 3° in the base station and 2° in the portables. They reported a bit rate of
1 Mbps over a 50 m range using 165 mW from the base station to the portable and 5 mW
from the portable to the base station. Chu and Gans [24] proposed a system using several 1°
pencil beams each carrying 1 mW optical power. They achieved a data rate of 50 Mbps over a
range of 30m. There are also commercial products on the market using this configuration.
BICC Communication is marketing a product that can achieve a range of 24 m at a rate of 4
Mbps. A.T.S. Communications Co. [50] is selling Ethernet compatible devices using narrow 6°

beam transceivers to transfer LAN traffic at a rate of 10 Mbps in a ring configuration.
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Figure 1. Configurations for optical wireless links (from [12])

12




There are reports of very high-speed commercial devices as well. For example, a bit rate of 125
Mbps was achieved by using a transmitter beamwidth of 1° and a receiver FOV of 6° over a
30 m range by JDL 889-LS transceivers built by JOLT, Ltd. [53]. McCullagh, ¢ a/ [73)
proposed a directed LOS link capable of achieving speeds of up to about 1 Gbps. Their
proposed system also includes a tracking mechanism in the base station that follows the
position of the portable and sends optical signals in a narrow beam to the proper direction.
The IrDA Physical Layer Specification can also be categorized in this type of configuratons. It
sets a standard for the infrared transceiver, the modulation or encoding/decoding method, as
well as other physical parameters. IrDA uses infrared with peak wavelength of 0.85 to 0.90
micrometer. The transmitter's minimum and maximum intensity is 40 and 500 mW/Sr within
a 30° cone. The receiver's minimum and maximum sensitivity is 0.0040 and 500 mW/cm®
within a similar 30° cone. The link length is zero to 1 m directed LOS with a bit error rate of
less than 10°,

Directed LOS configuration is not capable of handling many-to-one and one-to-many
communications links. A directed non-LOS configuration shown in Figure 1 may solve this
problem (second row, left). A common point is used for all the transmitters and all the
receivers to look at for proper reception of optcal energy. Narrow beam transmitters and
narrow FOV receivers are used in this configuration. The common point on the ceiling reflects
the incoming beam according to a Lambertan pattern, making it possible for all terminals
across the room looking toward the common point to receive a portdon of the optical energy
from that point. The radiation pattern of a Lambertian souce and its associated parameters are
described in Chapter 3. Such a configuration was proposed by Minami, ¢ a/ [76] for peer-to-
peer communications of their wireless modem operating at 19.2 kbps. A product by Photonics
group developed in 1985 used this configuration to achieve a bit-rate of 230 kbps over a 22
meters range. Similar ideas was also proposed in [123] and [85] using directed beams toward
some diffusing spots on the ceiling to provide diversity against shadowing.

A hybrid LOS configuration is made by putting a repeater or a base station on the ceiling and
transmitting up-link signals using a wide beamwidth. A narrow FOV receiver then picks up the
optcal energy by looking in the transmitter direction. Minami used this configuration for base
to portable communications of their optical modem operating at 19.2 kbps. A similar work

reported by Nakata, ef a/ [80] used this configuration to achieve a bit rate of 1 Mbps over a
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range of 5 m by transmitting 300 mW in a wide beam of 120° in the downlink and a 10° beam
in the uplink.

Hybrid non-LOS system is made by allowing an infrared source to transmit optical energy in a
wide beam, illuminating the entire ceiling of a room. A narrow FOV receiver is then used to
collect the light from the ceiling or a proper direction. This configuration is also shown in
Figure 1 in the second row, right graph.

None of the mentioned configuratons is suitable for portable many-to-many wireless
communications. A portable communication system needs to operate withour any alignment
requirement. Therefore, the only possible choices are non-directed configurations, either LOS
or non-LOS known as a diffuse configuration throughout this thesis.

A non-directed non-LOS configuration was first proposed by Gfeller, e a/ [39]. In this
configuration, the transmitter illuminates the ceiling with a wide beam and a wide FOV
receiver detects the signal energy from the reflected rays. Such an arrangement does not
require alignment between the transmitter and the receiver. Gfeller showed that the ratio of
the light reflected from the surface of typical office materials is in the range of 40% to 90% in
the infrared wavelength region. He also showed that in most cases, the pattern of reflected
light could be described by a Lambertian pattern. This shows that reflections do not weaken
the signals too much and a receiver would be capable of receiving energy from the reflected
rays. In a diffuse configuration, the ceiling acts as a distributed source of optical energy.
Therefore, this configuration is much more tolerant to shadowing than its counterparts,
because it is difficult to block the wide FOV receiver from seeing the ceiling. It is obvious that
in a diffuse configuration, the receiver should detect a signal from a sum of delayed and
attenuated pulses that arrive at the receiver after multiple reflections. A result of this process,
multipath distortion, is the major drawback of this configuration that limits transmission at
high data rates.

A non-directed LOS configuration is also illustrated in Figure 1. The receiver in this
configuration has a wide field of view. Therefore, there is no need for alignment. However, the
path between transmitter and receiver should be kept unobstructed. This configuration uses
optical energy more efficiently and results in much less distortion due to multipath. The direct
path between transmitter and receiver carries most of the received energy, forcing the
multipath effect to be negligible compared to that in the diffuse configuration. Importance of

LOS path makes this system more sensitive to shadowing compared to diffuse configuration.
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It is possible to use several passive reflectors to provide mult-LOS coverage for an indoor
environment (85]. Although such a system still relies on an unobstructed path LOS, due to the
existence of multiple sources, the system is more tolerant to shadowing.

There are other important aspects in the design of an optical wireless communication system.
Background radiation of other optical sources such as sunlight, fluorescent and incandescent
lamps produce a strong noise component in the signal detected by a photodetector [64].
Therefore, narrow-band optical bandpass filters should be used to reduce the amousnt of
detected background radiation. In a non-directed configuration, this filter should have a wide
FOV to be able to detect the incoming beams from all directions. This makes the design of
such a filter a challenging problem [19][12) [69-28].

Another important aspect of optical design of a system is the radiation pattern of a transmitter
and the wansmission area. Eye safety limits restrict the power emitted from infrared point
sources [47]{1]. To increase the coverage of a transmitter, the transmitted infrared power has
to be increased. To increase the transmitter power without exceeding the eye-safety limits, the
radiation area or the radiation pattern of the transmitter should be increased. That implies the
use of diffusers for the wransmirter. Diffusers are particularly important if a laser diode is the
source of infrared transmission. Laser diodes usually have a more focused beam and are
capable of transmitting higher levels of optical power with a shorter optical line-width.
Therefore, diffusers are needed to shape their radiation pattern and prevent exceeding the eye-
safety radiation limits.

Diffusers could be simple glass diffusers or sophisticated computer generated holograms. New
holography techniques have been proposed for these purposes [75-113]. The holographic
diffusers can change the radiation pattern of an infrared source and result in a more efficient
optical link. They are also less bulky and could be mass-produced very inexpensively. The last
chapter of this thesis is devoted to the discussions about the design and implementation of
holographic diffusers that increase the coverage of the source, make it eye-safe and make the

optcal link more resistant to shadowing,

2.3 INDOOR INFRARED CHANNEL

Consider a non-directed infrared transmission system as shown in Figure 2. This system

contains an optical source that converts electrical signals into optical intensity, a photodiode
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Figure 2. Block diagram of an infrared transmission system (from [60])

receiver that detects the optical signal and converts it to an electrical signal. Generated optical
signal passes through the media between the transmitter and the receiver. The media
attenuates the signal and spreads its energy in time.

In this thesis, the focus of the analysis is on systems that employ wide FOV photodetectors
that collect the light from all directions, converting the optical intensity of the received signal
to an electrical current. This is a process called Direct Detection (DD). In addition, the optcal
source in this discussion modulates the intensity of the transmitted optical signal to carry
information. Intensity modulation at the transmitter and direct detection at the receiver,
(IM/DD), is the most feasible choice for non-directed optical communicatons [12].
Transmission of a digital stream from the transmitter to the receiver is summarized in Figure 2
[60]. An analog signal, m(r), is generated by applying a proper modulation scheme, 2, to an
incoming stream of digital information. This can be any digital modulation. Some possible
examples are Pulse Amplitude Modulation (PAM), Frequency Shift Keying Modulation (FSK),
Multiple Sub-carrier Modulation, or Pulse Position Modulation (PPM). One of the simplest
modulation techniques used in IR systems is 2-level PAM also known as On-Off-Keying
(OOK) [12]. This signal is used to modulate the current of an optical signal generator device
such as a laser diode (LD) or a light emittung diode (LED).

These devices should be driven with a positive current to generate an optical signal. To insure
this, a proper dc bias, D should be added to the signal before modulating the optical device
with it. Changing the drving current of the optical device changes the intensity of the
generated optical signal, with a conversion ratio, 1. Therefore, X(1), the intensity of the optical

signal (optical power) is related to 4(f), the driving current, by: X(0)=n4(1).
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The transmitted optical power X(t) is reflected by the objects of the environment and the
direct and reflected light rays reach the receiver. As it is shown in the next section, the received

photocurrent is related to the transmitter optical power through a real valued impulse

response.

2.4 LINEAR MODEL OF THE INFRARED CHANNEL

In this section, it is shown that in a non-directed infrared link using IM/DD, the total received
optcal photocurrent Y{(f) is related to the toral transmitted optcal power by
Y(t) = X (1) @ h(t) + n(t) where h(?) is the real valued impulse response of the channel [21].
To simplify the derivation, the noise term is neglected and the detector is considered as it is
shown in Figure 3. At detector position (x,y), the total incident electric field E(x, y) can be
written as the sum of electric-field components arriving along direction (¢,6) after

undergoing £ bounces en route from the source, denoted here by €(x, y,6,¢):

Ex.y =3 [ex.y.6,p4

k=0 24

The integration is performed over the entire solid angle above the detector. Assuming that the

transmitted signal is narrow-band, the electric-field components can be expressed as:

€(x,,6,9) =G, (x,,0,p) X (=7, (x, ,6, p))e o ¥ (xr00)

Here, a(x, y,6,@), assumed to be real, describes the magnitude and polarization of the field
component arriving along direction (@,6) after undergoing £ bounces. All attenuation along
the propagation path or within the receiver collection is described by this parameter. The
quandty 7,(x,y,6,¢) describes the group delay of intensity modulated envelope. The phase
factor includes the propagation phase y,(x,y,6,¢)in addition to the path-independent

carrier phase (1) .
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Figure 3. Geometry used in the derivation of the channel model

Neglecting the shot noise, the total photocurrent is given by:

_C&y) & 2
Y(:)_T '[dAIE(x,y)I

det ector
where ¥is the detector responsivity and the integral is over the detector surface. A simplifying
assumption is made that @(x, y,6,¢) = @(x, y) and 1,(x,¥.6,9)=1,x,y),ie., along a given

path the attenuation and delay are the same to all points on the detector surface. Clearly, the

same is not true for the phase. The total photocurrent becomes:

=LY F1 [aseivirroeviierson

k=0 k=0 getecror

[dx [dQ@, 6.9)a,. 6,0 )Xt —1, 6,00 X G~ 7. 97)

Examining this integral that is taken over the detector surface, it is obvious that when k£E or
(¢,6) differs even slightly from (¢’,6), the phase tem Y, (x,,6,0)-y,.(x’,y’,6",¢")

undergoes changes of the order of 2%t radians as x or  changes by a distance of the order of
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the wavelength. Since the integral is taken over a region whose dimensions are much larger
than the wavelength, the integral vanishes. When £=F, the integral and (¢,6) =(¢",6"), the
integral takes on a value equal to the detector surface area Ag- Hence, this integral can be

expressed approximately as:

[daetvrsomntasion L 4 5. S(cos@)-cos(0))6(p- 9

detector

where 4, is the Kronecker delta and d(x)is the Dirac delta function. Substtuting this

expression into the Y(f) expression, integrating it over Q’ and summing it over £’ results in:

Y(1) = 05:7 2 J'dQX(t—rk 6.9)@,(0,p)1*
- k=0

This expression can be written as Y (1) = X () ® h(t) where
h(t) = %2 j dQo(t-7,(6,0) &, (6,p) 1’

k=0 3
It is seen that the impulse response A(f) can be viewed as the sum of separate ir-npulsc
responses h'*'(t) each describing the contribution from the light that has undergone exacty 4
reflections en route from the source. Each &-bounce impulse response h*’(t) is a collection
of unit impulses arriving from direction (¢,6), delayed by the propagation delay 7,(6,¢) and
scaled by the power attenuation factor |&,(6,@)I?. It should be noted that these two
quantdes depend only on the macroscopic features of the propagaton paths. When the
propagaton path lengths are changed by a wavelength, there are no observable changes in
|&,(6,9)1*and 1,(6,¢). Thus, thete is no measurable change in the channel impulse
response, i.e., no “multipath fading”.
The receiver photodiode converts the received optical signal intensity to an electrical signal

(current) with a conversion ratio Y that is sometimes referred to as the photodiode efficiency.
The amplitude of the generated current is also proportional to the area of the photodetector,

Ag- Background light is also detected by the photodiode and generates a dc current plus an

addidve white noise, n(f). The dc component of the photodiode output is removed by

subtracting R from r(f) and the result is passed through the receiver matched filter f{r).

Decisions are made based on the samples of the output of this filter.
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For some types of office background light sources such as fluorescent lamps and ballast type
lamps, the induced background noise vardes in time and the resulting noise signal at the
receiver has harmonics that could range up to 1 MHz [3]. High pass filtering of the received

signal could be employed to reduce the effects of noise in these environments.

2.5 INFRARED CHANNEL AND RADIO FREQUENCY
CHANNEL : A COMPARISON

There are some major differences between an infrared channel and a conventonal radio
frequency (RF) channel [86][87]. In RF channels, the wavelength of the carrier is in the order
of millimeter' (GHz range of frequencies) or centimeter (UHF range) while in the infrared, the
wavelength is in the 700-900 nm range. In addition, in IM/DD systems, the intensity of optical
signal carries information while in radio the amplitude and phase of the radio wave carry the
information. Consequently, multipath effects in radio channels are different from optical
channels. In radio, carrier signal cancellation due to multipath induces fading in the received
signal. These fades occur in space, time or frequency and can potendally cause deep nulls in
the frequency response of the received signal or huge reduction in the level of received signal.

In an optcal channel, the size of photodiode is in the mm-range, thousands of times larger
than the infrared wavelength. There is a built-in averaging process in the photodiode which,
adds up the peaks and nulls due to cancellaton in the optical carrier frequency range.
Therefore, the output of the photodiode will never g0 to zero because of the fades due to
multipath. An illustration of this phenomenon is presented in Figure 4. This is why an infrared
channel is a baseband channel. Note that, the averaging process averages out space-domain
nulls while there are still frequency-domain nulls due to multipath effect in infrared channels.
In other words, regardless of the dimension of the detector, the frequency response of an
infrared channel may have nulls and peaks. In the following chapters, some samples of the
frequency response of infrared channels with nulls and peaks are shown. These nulls and peaks

are a result of multipath dispersion caused by reflection of optcal signals from reflectors.

' As an cxample, 2 sine wave radio signal with a frequency of 10 GHz has a wavelength  of
A=c/f=(3x108)/(10x10%=0.03 m=30 mm
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Figure 4. Size of a photodetector is several thousands times larger than the infrared
wavelength. Therefore, the photodiode averages out peaks and nulls resulting from
cancellation of the carriers in the optical frequency range. The counterpart to this
process in conventional radio communications is like when several thousands of
antennas are used and the outputs of the antennas are squared and fed into the

receiver. (top figure modified from [53])

The process of averaging in a photodiode is as if thousands of antennas, each with a size
smaller than the wavelength, are placed in the receiver. Then non-coherent square law
detectors for each antenna branch is used and the results are added to produce the output. It is

evident that there won’t be any nulls due to carrer-level signal cancellation in this
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configuration. Another view of a photodiode in DD systems is to consider it as a photon
countng device that generates electrical current from detected photons. It is obvious that
fading and cancellations can not reduce the number of received photons to zero. That will
happen only if the receiver is blocked from teceiving optical energy.

As a conclusion, processes like flat or Rayleigh fading in radio channels, which distort the
incoming signal regardless of bit-rate, are effectively not present in the IM/DD optical
channels. Distortion of the signal in an infrared channel is a result of intersymbol interference
(ISI) which is caused by the spread of the signal energy in tme. This kind of distortion is
related to the signaling rate over the channel. A system operatng at low baud rates will not
experience such distortions while high bit rate systems need to use equalizers to reduce ISI. In
addition, this averaging process makes infrared detectors less sensitive to location than a radio
detector. In RF channels, huge differences in the received power can happen with small
movements of the receiver. In infrared, noticeable change in the channel characteristcs
happen only when there is considerable movements of the receiver in the order of tens of
centimeters or when there is shadowing,

RF antennas are sometmes omni-directional, making them almost direction insensitive, but an
infrared photodiode can have 2 maximum Field of View (FOV) of 90°. Receiver Field of View
(FOV) is defined to be the angle between the photodiode surface normal and the maximum
angle from which the receiver can detect light. This is illustrated in Figure 5. In general,
infrared systems are much more sensitive to rotation than RF systems. Although, channel
characteristics do not change in an infrared system with small spatial movements, they could
change considerably with rotation. The effect of rotation on the channel transfer function are

investigated in subsequent chapters.



Receiver
Field Of View
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Photodiode \ i

Figure 5. An infrared receiver has a limited range of detection angles. Receiver
Field of View (FOV) is defined to be the angle between the photodiode surface

normal and the maximum angle from which the receiver can detect light.

2.6 NOISE

Figure 6 shows the power spectral density of three common illumination sources: fluorescent
light, sunlight, and incandescent light [39]. It is seen that the sunlight and the incandescent
light both have strong components in the operating wavelength of infrared systems. The
power of the background light can be tens of times more than the received signal. For
example, ItDA-compatible infrared systems should be able to tolerate sunlight signal intensity
of 490 uW/cm”. Noting that the minimum value of the received signal intensity from an ItDA
infrared source is around 4 WW/cm?, it is clear that the background sun light is about 100
umes more powerful than the received information signal. When detected by the
photodetector, this ambient light generates a dc current plus shot noise. This shot noise is
proportonal to the detected ambient light power and is the major source of noise in infrared
systems. This clearly shows the need for optical bandpass filters to reduce the amount of
background radiation detected by a photodiode. Reduction of ambient light by a filter is very

important in achieving the desired SNR in practical systems.
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Figure 6. Power Spectral density of three major noise sources for infrared receivers.

The infrared system is assumed to work at 850nm wavelength. (from [12])

The background induced shot noise is modeled as an additive white Gaussian noise (AWGN)

with a one-sided power spectral density (PSD) given by [12}:

Salf )=PpAgYq=N, (AYHz) 2.1

where P, is the level of background radiation per unit area detected by photodiode, ¥ is the
photodiode efficiency and ¢ is the charge of an electron (1.6x10-1? Coulombs).

In a typical lighting condition, P,y is much more than the power of the received signal. This is a

major difference between infrared receivers and optcal fiber receivers. In the latter, the

dominant source of noise is the noise generated by electronic components.
In this model, the received signal r(f) is represented as the convolution of d(f) and YARh().
Therefore, signal power is proportional to Y2(¢). Increasing the amount of received light in the

receiver increases both the signal and the noise power due to ambient light. Noise power is

proportional to the detected background light power, P,,, while signal power is proportional to

the square of the detected optical signal power. Therefore, increasing the size of the detector
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or using concentrators or lenses to collect more light at the receiver improves the signal-to-
noise rado (SNR).

2.7 CHANNEL PARAMETERS

The primary objective of the designer of an infrared link is to achieve a high SNR at the
receiver. This is a challenging objective because the SNR of an IM/DD link depends on the
square of the received average optical power. The transmitted optical power is limited by the
considerations of eye-safety and transmitter power consumption. Therefore, the infrared link is
mainly a power-limited link and the average received optcal power or the channel path loss is
the most important parameter of this channel.

Path loss is defined as the “inverse value of the dc gain of the frequency response of the
channel”. The dc gain of the frequency response of the channel, 2 measure of the received
optcal power, can also be used to find the path loss. That is, the path loss can be represented
by 1/H(0) on a linear scale or -10 log,(H(0)) on a logarithmic scale in units of dBo
(optcal dB). As it was stated before, the received electrical signal is proportional to the area of
the receiving photodiode. Therefore, for a given configuraton, increasing the receiver
photodiode area increases the received signal power and decreases the channel path loss. To
temove this dependency and make the path loss a parameter that describes the channel rather
than the combination of channel and receiver, the path loss could be normalized for a given
receiver area. As an example, a receiver area of lcm’® can be used as the basis for this
normalization. This would make this parameter a universal parameter for comparing different
channel conditions and different optical receivers. Throughout this thesis, the values of the
path loss are all normalized for a receiver area of 1cm?

The other important parameter of the infrared channel is the result of multipath propagation
of light waves. Reflection of light by objects causes a distortion called the multspath-induced
temporal dispersion or simply multipath dispersion in an infrared channel. For each transmitted
impulse, a widened pulse is detected at the receiver. Optical impulse undergoes several
reflecuons and attenuated replicas arrive at different times causing the transmitted impulse to
be received as an attenuated, widened pulse. Examples of impulse response of an infrared
channel are presented in Chapter 3. Based on our measurements, in an indoor environment,

the spread of impulse response is usually much less than 100 ns. The exact value of spread
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depends on the physical configuration. This spread causes a distortion that is baud rate
dependent. Higher baud rate signaling over this channel results in more distortion. This
distortion causes ISI in the received signal. IST causes the tails of previous symbol(s) to overlay
the current symbol. This added component reduces the noise margin, ie. increases the
possibility of wrong decisions by closing the eye of the received signal. To compensate for the
reduced margin, the transmitted power should be increased to keep the system performance
similar to an ISI-free system. This added power opens the received signal eye pattern. The
amount of extra power needed to provide the same performance is called ISI power penalty. If
the sum of the tails of the previous pulses is more than the value of the current pulse, then
there is an irreducible error rate. In this case, increasing the transmitted power doesn't solve
the problem because the amplitude of the tails also increases. In this case, equalizers are used
to compensate for ISI.

A useful parameter that quantifies the spread of h(r) is the root mean square delay spread or simply
r.m.s. delay spread defined by [60]:

]:(t—ﬂ)zhz(t)dt

o= — (2-2)
th(t)dt
where [l is defined by:
jth’(t)dt
H="T— : (2-3)
_[hz (t)dt

This definition accounts for the distribution of h(t) in tme and therefore is a suitable definition
for the spread of impulse response. The r.m.s delay spread is defined in radio channels as the
square root of the second central moment of the ensemble average of the magnitude squared
channel impulse response. In deriving this definition, the channel is assumed a slowly varying,
zero-mean, wide sense stationary, random function of spatial location or time. It has also been
assumed that the values of A(t) are uncorrelated in time, namely E[h(t)h(2)]=0 for t=t". These
assumptions are not valid for an infrared channel and so the relations between the channel
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r.ms. delay spread and the channel performance which are derived for conventional RF
channels are not directly applicable here.

For infrared systems, the relation between multipath power penalty and the value of the
channel r.m.s delay spread depends on the modulaton and equalizaton scheme. However, it
has also been shown that there is a strong relationship between 0 and the power penalty due
to ISI for most of the commonly used infrared digital modulation schemes [52). Throughout
this thesis, the value of the channel r.m.s. delay spread or simply the channe! delay spread is
used as a mean to compare the width of the channel impulse response and its effects on the
transmission system for different configurations.

Once the impulse response or the frequency response of the channel is known, one can extract
other useful parameters. The 3-dB and 10-dB channel bandwidths are among them. These are
points in frequency where the channel frequency response drops 3-dB or 10-dB below its dc
value. They represent the flatness of the transfer function and could be indirectly related to the
maximum transmission rate over the channel without equalization. In addition, the peak
amplitude of the impulse response and the totl length of the impulse response in tme

domain, which is called the excess delay of the channel, can also be extracted.

2.8 MODULATION AND DEMODULATION

Modulation of the signal for indoor infrared application has been the subject of many research
projects. Based on the published results [55] the digital modulation techniques that are feasible

for infrared communication systems are:

» On-Off Keying (OOK)

# Pulse Position Modulation (PPM)

» Muld Sub-carrier Modulation MSC)

Each of these modulation schemes has some advantages and some disadvantages. The final
choice of the modulation scheme depends on the specific requirements of a given system.

The OOK modulation scheme is the simplest scheme. The infrared source is turned on for a
“1” and wrned off for a “0” (or vice versa). The pulse shaping is usually used to avoid sharp
edges of the pulses fed to the infrared source. The power spectrum of OOK signal contains
significant amount of power near dc. This can be considered both as an advantage and as a

disadvantage. The frequency response of infrared has a low pass shape and therefore the
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presence of signal energy near dc makes it less susceptible to the nulls and attenuation of H(f)
in high frequency. In typical office environments, usually there is a strong interference from
the fluorescent light sources. This interference should be removed by high-pass filtering of the
received signal. This is a disadvantage for the OOK modulation scheme since it causes some
higher power penalty for OOK compared to other proposed modulation schemes. OOK is
relatively simple and for the multipath infrared channel, adaptive equalizers could be used to
mitigate the multipath effects for this modulation scheme.

PPM and its variants are considered very suitable for infrared systems. In PPM, the symbol
period is divided into L non-overlapping slices. A pulse is sent in each interval to indicate the
transmitted symbol. For example in a 4-PPM, the duration of symbol is divided into 4 parts
and the presence of a pulse in each of these positions indicates one of the four possible
combinations of {00,01,10,11}. Therefore, the number of bits that are carried by a simple
L-PPM is log,L It could be easily seen that because of the confinement of the pulses to a
shorter duration of time, the required bandwidth of L-PPM signal is higher than OOK. The
bandwidth requirement of an L-PPM signal is given by (L/log,[)R, where R, is the required
bit rate. On the other hand, the amount of required power in L-PPM is smaller compared to
OOK. This is one of the most important advantages offered by PPM systems. Severe
restriction of power budget for indoor infrared links because of eye-safety requirements and
also limired battery power has forced many manufacturers to use PPM as their modulation
scheme for infrared communications products. PPM contains little energy near dc, permitting
high pass filtering to further mitigate the fluorescent interference. There could be other useful
vanations of PPM for this application. One can think of choosing to send £ pulses in L
positons to represent more bits per symbol duration. The positions of those £ pulses in L
positions could be chosen such as to minimize the probability of error by considering the
effects of intersymbol and intrasymbol interference due to the multipath of the channel. The
detecdon and equalization of PPM is more complex compared to OOK. The equalizer could
be implemented as a chip-rate equalizer or a symbol-rate equalizer. Each of the two has its
own advantages and disadvantages. A detailed discussion of this subject could be found in [9].
In a multiple sub-carrier modulation scheme, the band of operation is divided into N sub-
channels. Each channel carries a separate bitstream using QPSK or muli level QAM
modulation scheme. Since the signal that drives the infrared soutce should always be positive,

there should be a dc component added to the signal fed into the optical source. In this
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modulation scheme, each bitstream (the contents of each sub-channel) could be modulated or
demodulated regardless of the other streams. This allows for simpler implementation of the
receiver electronics. At the receiver, there is no need to de-modulate all the data. The particular
bitstream, which is intended for that particular user, could be extracted. This implies reducing
the required speed for the electronics of each of the receiver circuits. Also, using a proper
channel monitoring technique, the transmitter can avoid transmitting data on the faded sub-
channels and use the best parts of the channel frequency response to send their data. This is
achieved by dynamic channel allocation in the physical layer. The interference of the
fluorescent light could also be avoided by choosing a proper center frequency for the first sub-
channel. Since the data for each bitstream has a much smaller bandwidth, there is no need for
equalization in this technique if the sub-channels are operating at low bit rates.

There are some disadvantages with this modulation technique. The most important one is the
power penalty associated with this method because of the requirement of adding a dc
component to keep the signal level above zero all the time. Comparing the power requirement
of these methods show that in general and for the real measured infrared channels, the
performance of this scheme is worse than equalized PPM or OOK [20).

2.9 CONCLUSIONS

Infrared light can be used for high speed indoor wireless communications. Systems employing
infrared can benefit from the compactness and availability of in-expensive transceiver
components. A very successful industry initiative for using infrared, called IrDA is widely
accepted and employed in all portable computers and many new communicaton devices such
as palm plot and similar handheld computers.

Infrared channel can be used in many different configurations, each with its own applications
and limitations. The most feasible method of data transmission over a free space infrared link
is the use of intensity modulation and direct detection (IM/DD). For such systems, it is shown
that the infrared channel can be characterized by a real-valued impulse response. The major
differences between the infrared channel and the radio channel were brefly explained.

The basic system-level model of 2 communication system employing infrared transmitter and

infrared receiver was described and the important channel parameters that can be extracted
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from the channel impulse response were defined. Finally, a bref overview of the common
modulation schemes for digital communication over this channel concludes this chapter.
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CHAPTER THREE

3 INFRARED CHANNEL, SIMULATION AND

MEASUREMENTS
e ————

3.1 INTRODUCTION

Modeling and simulation of indoor infrared channel has been addressed in literature with the
first steps taken by Gfeller ef 4/ [39] who pioneered the idea of using infrared for indoor
wireless communications. He analyzed the dispersion property of this channel using a simple
model and demonstrated a baseband PCM at 125 kbps over this channel. Barry e al [13)
presented a general computer simulation method for infrared channel characterization.
Experimental measurements of indoor infrared channel were performed at the University of
Ottawa [43] over a 40 MHz band. Later, Krause, ¢ 4/ [52] measured infrared channel over a
150 MHz 3-dB band and the measurements at the University of Ottawa continued with a
higher bandwidth of 400 MHz for many different configurations [94}[96).

The radiation pattern of a diffused infrared source could be modeled by a Lambertian pattern
(see Figure 7). It has also been shown that the reflections of infrared light from the surface of
most indoor materials can be approximately modeled by a diffused Lambertian pattern [39).

The reflection coefficient, p, of a unit area of the surface can be defined as the rato of the light

power reflected from the surface to the light power received by that area. Parameter p was
measured in {39] for many materials used in building construction and it was noted that most

of these materials are good reflecting objects with a reflection coefficients ranging from 0.4 to
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09. The relatvely high value of p is a major motivation behind using the diffused
configuration that relies on reflections from reflectors inside a room. The Lambertian pattern
is also observed when the infrared light that is generated by a narrow-beam source such as a
laser diode (LD) passes through a glass diffuser. The analysis by Gfeller er 4 [39] was meant
for power-budget calculations, so they were interested in calculating the total received power at
the detector. They accounted only for single reflections of light. Hash e a/ [42] extended their
work to account for double reflections, as well. These analyses did not consider temporal
dispersion of the channel. In other words, the only interest was in the total received optical

power, which can be expressed as the dc component of the frequency response of the channel,
HO)= Jh(t)dt. For power-budget analysis, two reflections are usually enough because of

the safety margins usually included in the calculations. However, for a complete system design,
more comprehensive information about channel characterstics is required. Hortensius, e 2/,
[46] simulated impulse response of the channel for the first time, accounting for a single
reflection. Barry, ¢f a/ [12][13] presented an algorithm to calculate the impulse response of this
channel, taking into account an arbitrary number of reflections. This algorithm was verified by
a set of channel measurements by Krause ¢ a/ [60] showing a good agreement between the
estimated and the measured channel impulse responses.

Although their simulation algorithm was implemented for a rectangular empty room, the
algorithm is general and can be applied to more complicated environments. Abtahi, e 4/ 2]
extended this simulation work and reported the effects of furniture and people in the room on
the channel properties. It was shown that office furniture or movement of people near the
receiver or transmitter can have considerable impact on the channel characteristics. In this
chapter, the fundamentals of the simulation algorithm are briefly described and some of its
implementation details are presented. '

There are practical limits on the accuracy of simulation models. There are always effects that
could not be modeled properly or their modeling is more difficult than measurement of the
real-life event. Indoor infrared channel is not an exception to this rule. There are many
parameters that affect the channel impulse response and can’t be modeled properly or require
lots of added complexity. For example, Chapter 8 reports on using holograms for diffusing the
infrared light. A simulation model that combines the diffusion pattern of a given hologram in

the simulation program proves to be very complex. Therefore, a wide-band measurement

32



system was developed and used to measure the characteristics of this channel under different
circumstances [49][92](93][94]. The set up was used to investigate the effects of displacement,
rotation, shadowing and different diffusion mechanisms on the characteristics of the infrared
channel. A bref description of the measurement setup as well as the data processing that is

required for the measurements is presented in this chapter.

3.2 SIMULATION MODELS

In this section, models for source, receiver and reflector are presented and line-of-sight
impulse response is defined [13]. Based on the LOS impulse response, multiple reflections

impulse response will be derived and the implementation issues will be discussed.

321 Source and receiver model
The radiation pattern of a wide beam optical source can be descrbed by a generalized
Lambertian law [39):
n+1 n
R(¢)=—2—ﬂ—P, cos"(9) for ¢ge [-7/2,7/2)]
Here, n is the mode number of the radiation lobe defined by:

_ In(0.5)
In{cos(HPBW)]

where HPBIV is the half power emission angle of the infrared source. The higher value of »

corresponds to more directive radiation pattemn of the source. Effect of 7 on the radiation
pattern of an infrared source can be seen in Figure 7. Note that, (n+7)/21 is a normalizing

factor used to ensure the total radiated power of the source over the hemisphere equals P,.
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Figure 7. Normalized radiation pattern of a generalized Lambertian source for several

values of n.

A point source § can be described by a set of scalars and vectors:

r,: A three element vector describing the location of transmitter.

i, : A three element normalized vector describing orientation of transmitter.
S {P,: Total optical power radiated from the source.

R(¢,6) : Radiation pattern of the source.

|FOV; : Source Field - Of - View.

A receiver of the light can also be described by a set of scalars and vectors:

Tz : A threeelement vector describing the location of receiver.

fig : A three element normalized vector describing orientation of receiver.
Ay :Receiver area.

FOV, :Receiver Field - Of - View.

3.2.2  Line-of-sight impulse response

Assume an environment without any reflectors. The impulse response between a source S and

a receiver R, is given by:
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Figure 8. Geometry of infrared transmitter and receiver

R (t;8,R) = %cos" (9)dQ rect(8/ FOV, yect(p/ FOV;)d(t-R/c) (3-1)

where ¢ is the speed of light, &2 is the solid angle subtended by the receiver's differential area
dQ =cos(8)A,/ R?,

Ris the distance between the source and the receiver:

Ralr,—r I,

@is the angle between rig and (r, —rg):

cos(6) =ng -(r,—ry)/R,

¢ is the angle between i, and (rg —rg):

cos(@) =A_-(ry—r,)/R

The rectangular function is defined by:

1 fxI<

ect =
rect(x) {o IxI>1

In deriving the impulse response between the source and the receiver (3-1), it is assumed that

the receiver area is much smaller than the distance between transmitter and receiver.
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Therefore, the received optical power is constant over the photodetector area and all optical

energy reaches the receiver at the same time.

3.2.3  Muluple bounce impulse response

In a room with a receiver R and a transmitter S, one can write the impulse response of the
channel as the sum of the impulse responses from the light rays reflected just once, plus those

that are reflected twice and so on. In other words, impulse response of the channel can be

written as:

h@S,R) =3 h0 5,R) (3-2)
k=0

where h%(1: S \R) represents the light undergoing exactly £ reflections to reach the receiver

R from the source S. The line-of-sight path, the path without any reflection, is given by ((3-1)).
Higher order reflections can be calculated recursively using:

h“’(:;s,m)=jh‘°’(:;s,{r,ﬁ,::/2,dA})®h‘*'"(:;{r,ﬁ,1),9t)dA (3-3)
A

where symbol ® denotes convolution and A is the receiver area. Source and receiver are
specified by grouping their parameters in a set. For example, S:{r,n,1} means a source with
locadon r, normal vector n that transmits 1W power. In this analysis, the FOV, is always
assumed to be 1/2 and is dropped from the set for simplicity. Here, the LOS impulse
response from source S to the an element of size 44 (as the intermediate receiver/ transmitter)
is convloved with the (&-1)* bounce impulse response from that element to the receiver R

and integrated over all the reflector areas. Substituting (3-1) in (3-3) will result in:

S, R) =
n2+ ! f P, €08 1(::) cos(6) rect( 26/m) h*~'(t - R/c;{r.ii) } R) dA (3-4)
7r 2

R
These integrations are performed with respect to the position r on the surface S of all
reflectors and the notation used in the integration is as follows:

n :  Normal to the reflector surface S at position .

d4:  Differential area of the reflector surface at position 7.

P.:  Reflectvity at position .
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R: Distance between differential area and receiver, (R=Elr—=ry )

o: Angle between source normal and the line connecting source and dlffcrenual area, so
cos(@)=n, (r— r,)/R.

0: Angle between differential area normal and the line connecting source and that area.,
so cos(6)=n-(r,~r)/R.

From this integration, it is clear that the £-bounce impulse response depends on the (£-1)*
bounce impulse response. In other words, to find the £-bounce impulse response from source
S, the distrbuton of power and its timing over all reflectors should be found. Then, each
differential area can be assumed as another source that is emitting a portion of its received

power back to the medium. From each of these secondary sources, the (£-1) bounce impulse

response can be calculated.

3.2.4 Implementation

To calculate the integral in (3-3), reflecting surfaces should be divided into smaller elements,
cach with area A4. Each of these elements receive an amount of power with a certain delay
and then acts as a transmitter with 2 Lambertian pattern by reflecting a portion of its received

optical energy back into the media. Assuming total number of elements to be N and noung the
# element with E, the h*¥(¢) can be approximated by:

N
KO (58, R) = th’(t S,E)®h*(t,E,\R)
(3-5)
ect( 20/mh™*~"(t — R/c;{r,Ai] ), R)AA

_n+ 1 & Z p; cos (¢)cos(0)

=l
It is obvious that E; plays the role of a source in calculating the (£-1) bounce impulse response
while acting as a receiver in the first bounce (power directly from source). Approximating the
integral by a discrete sum results in a piece-wise continuous function h(k)(t). In fact, the
resulting h(k)(t) would be a finite sum of scaled and delayed delta functons. The time axis
can be divided into bins of width Az and the total power received in each bin can be added up.
The result would be a histogram that closely represent h(f). For more accurate representation

of h(f) the time and spatial resolution should be increased.
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For reflection orders greater than one, it is not efficient to implement (3-5) directly. It can be
seen that a direct implementation would require identical operations to be performed several
times. It is obvious that for a specific room with N differential reflector elements, all that is
needed to calculate impulse response is the delay between # element and the / element, (),
and the power received from # element to the S element, AP(i,)). A direct implementaton,
calculates each of these, £ times, and therefore is very time consuming. Instead, these elements
can be stored in two table look-ups to be retrieved as they are needed in the calculations. The
procedure for calculation of impulse response using table lookup method is given by [13]:
function h(ti,j,k)
begin
f(k=0)
return AP(;j) * delta(t-1(3)
else
return sum from e=1to N
tho(e) * AP(i,e) * h(t-T(ie);e,j,k-1)
end if

end

Although the table lookup method reduces the computation time, it increases the memory
requirements. Assuming 4-byte space is required for the storage of a floating-point number,
table look-up method would require §N2 bytes of memory. For example, considering a 5 m X
5m X 3 m room with A4=10 cm X 10 cm, there will be N=11000 small elements. To create a
look up table for these elements, 968 Mbytes of memory is required which is not normally
available. For this example, assuming 32 Mbytes of available memory, the size of elements

should be greater than 25 cm X 25 cm that would considerably reduce the accuracy of the
results.

Clearly there is a trade-off between the speed and the available memory in practical
implementation of this algorithm. When more accuracy is desired, a smaller size for the
elements should be chosen, which in tumn will increase N and therefore the direct calculadon
should be used. With small values of N, table lookup is practical and faster. Running the

program on a SUN SPARC STATION 20™, the time required for estimation of impulse
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response using the direct algorithm was approximately 4N* psec. This means that for the same
size room with element size of 10 cm X 10 cm, and £=2 approximately 9 minutes were

required. Increasing the number of bounces, £, to 3, the required time would be approximately

64 days. This shows the effect of £ on the computing time.

3.3 INFRARED CHANNEL MEASUREMENTS

The design of wireless communication systems using infrared as their carrier requires extensive
knowledge about the behavior of the indoor infrared channel. This requires measurement of
this channel under different conditions and using different optical configurations. Such
measurements could eventually lead us to an in-depth understanding about the behavior of the
channel under different circumstances. Measurements are also essental in providing the
required knowledge about the distortions and noises that are generated in a real-life
implementation of these systems. For example, rotation of the receiver has an important effect
in the performance of an indoor infrared link. The effect of receiver rotation for an infrared
system would be an interesting subject to study in infrared channel measurements.
Displacement of the receiver as well as receiver shadowing are other important events that
impact the infrared channel and their effects should be investigated.

A wideband measurement system has been developed to investigate the effects of different
parameters on the characteristics of the indoor infrared channel [49]. Techniques commonly
used in radio channel measurements can be adapted to the characterization of this channel.
One of the common techniques suitable for characterization of communication channels is the
continuous-wave swept-frequency technique. This technique can be implemented easily and
accurately using a network analyzer. The technique uses a constant-amplitude, swept-frequency
sinusoid to probe the channel. The received signal is multiplied by the transmitted signal and
by a 90° phase-shifted version of the transmitted signal. The product signals are low-pass
filtered and normalized to the transmitted signal amplitude, yielding estimates of the real and
imaginary parts of the channel frequency response. Therefore, the attenuation and phase shift
(caused by the propagation medium) is obtained for each frequency component. An HP8751A
network analyzer was used for generating the swept frequency signal and calculating and
recording the channel transfer function. This network analyzer is a high throughput instrument
with lab precision that covers 5 Hz to 500 MHz. The HP 8751A provides resolution of
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Figure 9. Block Diagram of the indoor infrared channel measurement system

0.001Hz, 0.001dB, 0.001 degree, and 10ps for characterizing the linear behavior of either
passive or active networks, devices, components or systems in the lab and the production test
areas. It has a built-in 1.44MB disk drive for direct save and recall of instrument state,
calibration data, and application programs and it also supports HPIB bus for data input and
output. This bus has been used to transfer the recorded channel transfer functions to a
personal computer for further data processing.

Figure 9 shows the block diagram of the measurement system. The sinusoidal signal from the
network analyzer is amplified and converted to the optical domain with an optical ransmitter.
The lightwave propagates in an indoor environment and is received by a portable optcal
receiver. The received signal is amplified and fed back to the network analyzer via a coaxial
cable. The measurement system requires a high-power optical transmitter and a wideband
optical receiver with a large area photodiode. Because of the special requirements, the
transmitter and the receiver were not available off the shelf.

The optical transmitter and optical receiver circuits were designed and built in the broadband
communication research laboratory (BCRL) at the University of Ottawa [49]. The optcal
transmitter uses an 808-nm laser diode. The laser diode is impedance-matched with a 47Q
resistor. A bias tee circuit combines the sinusoidal signal from the network analyzer with the

dc current from a power supply. The signal level from the netwotk analyzer is boosted by a
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wideband power amplifier. The modulation bandwidth of the transmitter is from 1 kHz to 500
MHz and the laser diode is biased such that its average output power is 180 mW. Lower levels
of output power can be obtained by changing the bias point of the laser diode. The laser diode
is considered to be fairly linear for this range of operation.

The optical transmitter is packaged in an aluminum box to minimize the RF leakage. The
operating bias and temperature of the transmitting laser diode is controlled by a series-120
laser driver made by Lightwave Electronics Co. The bias point of the laser is chosen to operate
the laser in its linear range of operation and avoid introduction of higher order harmonics into
the measurement results.

An external optical diffuser can be attached to the transmitter box. The external diffuser can
be a simple glass diffuser that shapes the radiation pattern of the laser as a first order
Lambertan pattern. It can also be a more complex diffuser such as a holographic diffuser as it
will be discussed in Chapter 8. To measure the channel using a non-directed LOS
configuration, a Nikkor 50mm f/1.4 lens is mounted on top of the transmitting laser source.
The lens is then adjusted to create a focused laser beam on a diffusing surface on the ceiling. A
white sheet of paper that has a reflectivity coefficient close to unity is placed on the ceiling so
that the focused laser beam can be reflected without loosing lots of its energy. Thetefore, the
spot on the ceiling acts as a single point Lambertian source of infrared energy that illuminates
the measurement site. This method allows us to measure the characteristics of the channel in

LOS mode without having to mount the transmitter on the ceiling.
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Figure 10. Frequency response of the receiver (a) with the equalizer and (b) without
the equalizer.

The developed optical receiver uses a large-area (25 mm®) silicon APD (avalanche
photodiode). The packaged APD has no lens in front of the detector surface. Therefore, the
optical receiver has a wide field-of-view (about 60 degrees). For the front-end amplifier, a
transimpedance receiver scheme is chosen to achieve a large dynamic range. The major
challenge in the receiver design is that the APD has a large capacitance (30 pF) and its
bandwidth is limited by its transit ime. The transit time is 5ns and it limits the 3 dB bandwidth
of APD to 200 MHz as shown in Figure 10 (b). The frequency response drops by about 20 dB
at 400 MHz. A resonant-type analog equalizer was designed to extend the receiver bandwidth
to 400 MHz. Figure 10 shows the frequency response of the optical receiver with the equalizer.
The overall bandwidth extends approximately from 10 kHz to 400 MHz.

The APD is biased at 410 V resulting in a multiplication factor of 110 at room temperatures.
To avoid the use of optical filters for rejecting ambient light, the measurements were

conducted in dark rooms. Otherwise, the ambient light would saturate the receiver. Optcal
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flters should be used to allow proper operation of the receiver in the presence of strong
background light. The drawback of using optical filters is that off-the shelf filters severely limit
the receiver FOV and this is not desired for our measurement objectives. Therefore, most of
our measurements were performed without an optical filter. A summary of the measurement
setup parameters is presented in Table 1.

The noise level appearing at the network analyzer can be reduced by choosing a small IF
(intermediate frequency) bandwidth which in turn increases the required time for recording a
frequency response. The minimum IF bandwidth of 8751A network analyzer is 2 Hz. When
choosing a small IF bandwidth, the RF interference, due to RF leakage from the transmitter
and pickup by the receiver becomes the major factor limiting the receiver performance. When
operating at a distance of approximately 3 m from the transmitter, the received interference
levels are about -160 dB at 300 MHz and -140 to -150 dB at 400 MHz. Therefore, the ratios of
the transmitter power to the receiver interference-equivalent-power are about 80 dBo at 300
MHz and 70 to 75 dBo at 400 MHz.

For each desired frequency response, a set of 128 samples was chosen. The signal frequency
response on a network analyzer is swept from 30 kHz to 400 MHz in steps of 3.125 MHz. The
start frequency is chosen to avoid the effects of dc-blocking capacitance that is used in the
receiver circuit. The IF bandwidth of the network analyzer is set to 20 Hz to reduce the noise

level recorded by the network analyzer.

Operating wavelength — - “808 nm
Frequency range of the measurement system 1 kHz to 400 MHz
Average optical output power of laser diode 180 mW

Area of the receiver APD 25 mm’

Receiver field-of-view =60°

APD Gain at operating voltage 110

Table 1. Important parameters of the infrared channel measurement setup.
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3.4 CALIBRATION OF THE MEASUREMENT SYSTEM

The measurement system is calibrated by putting the transmitter and the receiver together in a
back-to-back configuration. Let’s assume that the transmitter side of the system has a
frequency response of T{(f) and the receiver side has a frequency response of R(f) (see Figure
9) The recorded frequency response by a network analyzer can be expressed as:
Ho)=TORPN H k)

where H,,,.f) is the desired channel frequency response. A normalization curve is recorded
by putting the transmitter and the receiver in a back-to-back configuraton. In this
configuration, the receiver and source are placed such that the receiver is looking directly at the
receiver from a distance of a few centimeters. To avoid the saturation of the APD due to the
high amount of the received optical power, some optical attenuators (like sheets of white
paper) are placed between the transmitter and the receiver. Recording the back to back
frequency response yields

Ayt =TO R K izt

Here, K is the unknown attenuation caused by the sheets of paper between the source
and the receiver. This attenuation is frequency independent and therefore it can be assumed as
a constant. To find the Kj 474 the current that is passing through 2 resistor which is in series
with the APD is measured. First the bias voltage across the APD is reduced to a nominal value
of 8 volts which in tum reduces the APD gain to unity. Therefore, the APD is functioning as a
photodiode. Then the current that is passing through the APD is measured by observing the
voltage across a 10 kQ resistor that is in series with the APD. The actual received optical
power could be determined by using the following formula

P o™ Dyt (VAR)

where ¥ is the responsivity or efficiency of the photodiode and Ag 1s its area. Based on the
manufacturer’s specifications, the APD in the receiver of the measurement setup has a
responsivity of %=0.5 and an area of 0.25 cm? Knowing the current passing through APD the
P, can be found. The amount of transmitted optical power from the laser diode is then
measured by using an optical power detector and without changing the transmitter electrical
configuration. Dividing these two values, results in the desired Ko

Kwtzsas=Transmitted optical power/Received optical power



Knowing K, ;. all the recorded frequency responses can be normalized to find the desired

channel transfer function, H..Af)

H o) = Hol VK izhat! Hinsiaa(f)

The following are the measured values of the transmitted optical powers from the source:

» Received optical power for back-to-back system: 680 nW (back-to-back system uses the
lens on top of the laser).

v

Transmitted power from source: 180 mW.

\v4

Transmitted power from the diffused source: 60 mW.

Transmitted power from the lens (LOS): 95 mW.

\%

3.5 DATA PROCESSING

As was mentioned before, the frequency response of the receiver APD looks like a low-pass
filter with a cut-off at about 200 MHz. To flatten the spectrum up to 400 MHz an analog
equalizer is used in the receiver. The frequency response of the equalizer compensates for the
low-pass filtering of the APD by enhancing the frequency components in the 200-400 MHz
range. As a results, the end-to-end transfer of the transmitter and the receiver is flac with
variation of less than 2 dB across the band. The noise and interference components in high-
frequency range are enhanced by the equalizer. Therefore when the received optical signal is
weak, there is a noticeable strong interference component in high frequency ranges which
sometimes dominates the channel frequency response in that band. The effect of interference
is dominant when the received optical signal is very weak. This happens mostly during the
measurements of shadowing and rotation effects.

An important aspect of data-processing is discrimination between the channel frequency
response and the interference effects. Since the recorded frequency response could be
considered a sum of both, there is 2 need to somehow specify the frequency ranges or
frequency responses in which the interference is dominant. This seems to be a complex
problem because the interference is not fixed and depends upon the environmental conditions.
The effect of interference is particularly strong in high frequency bands and in cases where the
received signal is weak. The question is:

What is the range of frequencies in which the recorded H(f) is not a good representative of the
infrared channel ?
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One answer could be the use of the shape of |H(f)|. When the interference is dominant,
|H(f)| has a high-pass shape with several peaks and nulls. This method is not reliable since it
does not provide an algorithm to define where the H(f) should be truncated. Which peaks and
nulls correspond to the channel and which correspond to interference? Note that the infrared
channel can have frequency nulls and peaks too. This is a qualitative method and is good if a
one by one study of the frequency responses is concerned.

Observing the results of the measurements and applying different techniques, an appropriate
algorithm has been chosen to address this issue. It was found that the group delay of the
recorded H(f) can be used effectively to distinguish the interference from the channel. It is
observed that the interference signal introduces a noticeable change in the shape of the
channel group delay. Simulation results for similar indoor environments show that the group
delay of the infrared channel is relatively flat with variations of around +/- 20 ns from its
average. However, in the frequency bands in which the interference is dominant the group
delay has much larger fluctuations. The available results show that the start of fluctuadons is a
good indicator of the end of the useful band. In cases where the received optical signal is
strong enough, the group delay does not have huge fluctuations and almost all the 400 MHz
band is useful. When the received signal is weak, the fluctuations begin at high frequencies and
the weaker the signal, the smaller is the useful band. Considering the available data, a threshold
of 50 ns was chosen and the first time the group delay curve exceeds its average value by more
than 50 ns, the H(f) is set to zeto. The average value of the group delay curve is calculated for
the 30 kHz to 160 MHz band where the analog equalizer does not enhance the interference.
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Figure 11. The recorded frequency response contains an added interference
component. The interference component causes distortions in high frequency
portions of the recorded signal. The group delay of H(f) can be used to specify the
frequency ranges where the interference is dominant and the recorded H(f) is not
representing the infrared channel appropriately. In this figure, H(f ) ahove 234

MHz is not useful since the group delay exceeds its average by more than 50 ns at
this frequency.

Figure 11 shows an example of a recorded frequency response where the interference becomes
the dominant received signal at high frequencies. The top graph shows the recorded H({f) and
the bottom graph shows the corresponding group delay. The group delay curve exceeds its
average by more than 50 ns at =234 MHz. Therefore, this frequency is used as the end of
useful band for the recorded H(f).
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After truncating the frequency response, the result is padded with zeros to fill it to a vector of
128 points. Then the right half of a Hamming window of length 256 is applied to the H{f).
The result is like a low-pass version of H(f). Then, the complex conjugate of the result is
padded to itself and vector with 256 elements is generated. The channel impulse response is
the inverse discrete Fourier transform (DFT) of the above vector. The impulse response h(f) is
a vector of length 256 points. Therefore, the time resolution and the time span of the resulting

impulse response would be 1/(2x400x10%=1.25 ns and 256*1.25=320 ns respectively.

3.6 EXTRACTED CHANNEL PARAMETERS

There are frequency domain and time domain parameters of interest for each set of the
recorded data. The following parameters of the channel have been chosen and they are
extracted from the measured data:

Frequency domain parameters

3-dB bandwidth of the frequency response

10-dB bandwidth of the frequency response

vV V V V

Received optical power (or alternatively the channel path loss)
Total power of | H(f) |

vV Vv

Time domain parameters
Peak of the channel impulse response
R.m.s. delay spread of the impulse response

v V¥

» Excess delay of the impulse response

These parameters are calculated after normalizing the frequency responses to the back-to-back
frequency response and before truncating the H(f). The value of the frequency response at the
edge of 3-dB (10-dB) band is found by subtracting 3-dB (10-dB) from the dc gain of the
channel, H,=10 log,,(| H(0) | ). Whenever this value is between two points of the available H(f)
vector, a linear interpolation between the two neighbor points is used to find the exact
frequency of the 3-dB (10-dB) band. For example, for the 3-dB bandwidth, if

H, =10log,,(H(f))

and
H,= 10log,o (H(f,))
such that



H,-H <3<H;-H,
then, the 3-dB bandwidth is given by:
H,-H, - 3

H -H,
similar method is applied to find the 10 dB bandwidth of the channel. This approximadon is
based on the observation that almost all measured peaks and nulls of the transfer function
have a span of more than 10 MHz in the frequency domain. Therefore, it is not expected that

fian =f|+(fz-f|)

the transfer function has a peak or null berween two points that have a separation of only
3.125 MHz.

Another extracted parameter is the power of H(f) that is defined by:
128

Hpoer =3 | H(n)I?
a=l

This parameter can be used to compare to total power under the curve | H(f)| for different
configurations.

To find the delay spread and the excess delay of the impulse response, A(f) is truncated using a
threshold. Any h() which is below a certain level is assumed to be zero. Excess delay is then
defined as the dme span in which A(f) has non-zero components. Using the empirical
judgment of the available data, it was found that a good threshold value is found by noting the
average energy in the tail of the impulse response. The average value of the impulse response
in its last 60 ns is found and the threshold is set to be 6 dB above this value. Therefore, any
value below this threshold is set to zero for the purpose of delay spread and excess delay
measurements. Note that the length of the collected impulse response is around 320 ns and
the delay spread of the channel is usually much less than 100 ns. Therefore, the last 60 ns of
the impulse is expected to contain negligible energy from the transmitted infrared impulse.
However, interference from the source, other electromagnetic interferers and the noise of the

receiver would determine a noise floor for the impulse that should not be mixed with the

channel charactenstics.
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Figure 12. This figure shows the process of truncating the measured impulse
response for calculating the values of the channel delay spread. The top figures
show the impulse response derived from the recorded channel transfer function in
linear (left) and dB (right) scale. The threshold for truncating the impulse response
is derived by averaging the last 60ns of its tail and setting the threshold to be 6 dB

tugher than this average. The bottom graphs show the results of truncation in linear
and dB scale.

This process is shown in Figure 12 where the top two graphs show the impulse response in
linear and dB scale. The dashed line in the top nght graph shows the threshold value. The
result of applying this algorithm for truncating the impulse response is shown in the bottom
two graphs. This procedure reduces the effects of residual noise and interference on the
calculated value of the channel delay spread.
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3.7 SUMMARY AND CONCLUSIONS

To design an infrared system, knowledge about the infrared channel is required. Infrared
channel can be characterized by a real valued impulse response. Section 2 of this chapter
described an algorithm that can be used to simulate this impulse response. Implementation
aspects of the algorithm as well as its limitations were discussed. It was noted that
computational complexity of the algorithm remains within reasonable limits when 1 or 2-
bounces are considered. To track more bounces, the spatal resolution should be drastcally
decreased or powerful computing resources should be uilized.

Measurement of the channel characteristics is another important tool that can be udlized to
increase our knowledge about the behavior of the infrared channel under different
circumstances. Section 3 of this chapter described a wide-band measurement setup that has
been designed and at BCRL Labs at the University Of Ottawa. A summary of the
measurement setup specifications and parameters was presented. The method that has been
used to calibrate the results was also described in details. This measurement setup has been
used to collect information about the characteristics of infrared channel in many different
configurations. The measurement procedure, results and conclusions of these measurements
are reported in the subsequent chapters of this thesis.

Section 4 describes the data processing aspects of the results obtained from the measurement
systems. A novel method to discriminate between the channel transfer function and the
interference contribution to the recorded data was presented. The method has been used for
data processing through this thesis and has proved to be effective. The most important
parameters that are extracted from the collected data are the channel path loss and the channel
delay spread. There are other useful channel parameters that have been extracted from subsets
of the recorded wransfer functions such as 3-dB and 10-dB channel bandwidths and were

discussed in this section.
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CHAPTER FOUR

4 DESIGN CONSIDERATIONS FOR INFRARED

WIRELESS COMMUNICATION SYSTEMS
e —————

4.1 INTRODUCTION

Design and implementation of a broadband indoor infrared communication system needs
careful attention to the problems facing this type of transmission [86]. One of the important
challenges in designing a wideband indoor infrared communication system is providing a link
with 2 high Signal-to-Noise Ratio (SNR). In doing so, it is very important to increase the
received optical power by designing an efficient transmission system.

The sensitivity of an infrared receiver to the direction of reception is another important point
that has to be considered. Dependence of the channel characteristics upon the transmitter and
receiver field of view (FOV) is a property of optical atmospheric communication system and
can be used properly to combat distortions over this channel [86][85]. An infrared receiver can
have a maximum FOV of 90° and in practical implementations, this value can be much
smaller. Therefore, rotation of the receiver may result in considerable changes in the channel
characteristics. The effects of rotation on the characteristics of the channel are studied in the
next chapter. Direction diversity reception techniques can be employed to take advantage of
the independent signals received from different directions. The idea of direction diversity for
indoor infrared communications which is first proposed in [123] and [43] and then in [88] is

based on using separate receivers looking in different directions to detect the incoming optical
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signal. The outputs of these receivers can be combined propetly to increase the quality of the
received signal. Direction diversity is one of the best techniques that could be used to achieve a
high bit rate indoor infrared communications link [22].

4.2 CHANNEL PARAMETERS

There are two major impairments for an indoor infrared communications link. Attenuation of
the received signal (path loss) which decreases the SNR at the receiver and the channel delay
spread of the impulse response h(f) that limits the maximum transmission rate for a given
configuraton.

Since optical signal is subject to shadowing and the path loss is relatively high, the indoor
channel is a power limited channel. On the other hand, the transmitted optical power from the
infrared source is limited by eye safety regulations. Therefore, efficient use of optical power is
very important in providing a reliable infrared link for high-speed communications. In this
chapter, alternative methods in achieving higher efficiencies in using optical power through
proper use of physical arrangements of transmission system are shown.

As 1t was stated before, the channel delay spread is another important channel parameter. The
spread of signal due to multipath propagation causes ISI that degrades the bit error rate as the
bit rate increases. It has been shown that without using proper equalization techniques, the bit
rate is limited to about 30 Mbps for a non-directed infrared link in typical indoor environments
(53]. Therefore, for higher speeds, the use of equalizers seems unavoidable. However, this adds
to the price and complexity of the system. Even with the use of equalizers, more power is
needed to achieve the same bit error rate (BER) of an additive white Gaussian noise channel
without any multipath distortion. Therefore, an optimized optical link design should wy to
maximize the received optical power and at the same time minimize the channel delay spread.
Characteristics of the receiver such as its FOV and direction of reception are also among the
important factors determining the quality of the received signal. For indoor environment, the
background noise is directional. In other words, the most important portions of background
radiation from office lamps or skylight are detected from certain directions. Having a mula-
branch receiver enables the receiver to implement proper combining methods to decrease the
effective noise and reduce ISI in the received signal. For proper design of multi-branch
receivers employing direction diversity, the effects of receiver FOV and its direction should be

studied. A brief overview of these effects is presented in [86].
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The received optical power and the channel delay spread of the impulse response will be used
to compare the effects of transmission and reception configurations on the received signal.
Sometimes it is important to have information about spatial variations of the channel
Distribution of the received power and the channel delay spread over the area of a room and
sensiavity of these distributions to environmental conditions are among important information
required for an optimized optical link design. The probability distribution function (PDF) and
cumulative distribution function (CDF) for the simulation results can be used to compare the
coverage area of the given configuration. For example, assuming one simulation per each
10 cmX10 cm block all over the room, the channel parameters can be calculated for 1200
locations in a 3 mx4 mx3 m room. This will generate a vector of size 1200 for the calculated
parameter. The PDF(x) and CDF(x) can be used to provide more informaton about the
spatial distribution of the values of the desired parameter. Average of the measured values as
well as their minimum, maximum, varance and also the 10* and 90% percentile of the CDF
curve are other measures used for comparison of the proposed configurations. P, is defined
as the received optical power that is received in more than 90% of the room area at a desktop
level. In other words, only 10% of the area in a room receive optical power that is less than
P\».. Considering the spatial distribution of the channel delay spread, 90% of the area have a
channel delay spread smaller than d,,,. In the following sections, the difference between the
minimum and maximum of a particular parameter is termed its dynamic range. It is desired

that the dynamic range of the channel delay spread and the received optical power be as small

as possible.
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Figure 13. An opdecal signal could be transmitted using different configurations.
Some of these configurations show considerable advantages in terms of uniform
coverage and resistance to shadowing. The configurations that are proposed,

simulated and compared are shown in this figure.

4.3 POWER EFFICIENT TRANSMISSION DESIGN

To demonstrate the link design alternatives, the simulation software is used to calculate the
spatial and numerical distributions of the received optical power and the channel delay spread
for a typical conference room under different transmission configurations. The simulation is
conducted considering the first two reflections for each impulse response. Five different

configurations were used for comparison purposes. The physical arrangement of the
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transmission systems is illustrated in Figure 13. For each configuration, 1200 impulse
responses were calculated and the received optical power and the channel delay spread of these
responses were used to sketch the spatial and numerical distributions presented in Figure 14 to
Figure 18. The receiver is assumed a wide field-of-view receiver with a detector size of 1 cm?
located at the height of 1 m from the ground and looking towards the ceiling. To measure the
spatal distnbution of channel parameters in each room, the receiver is moved in steps of 20
cm and the whole room is covered by this movement (25 measurements in each square meter).
Reflection coefficients of walls, ceiling and floor are assumed 0.7, 0.8 and 0.2, respectively. In

all cases, the ransmitted power is 1W and the received power is measured in optical dB (dBo).

4.3.1 Case I: Table-mounted single diffused source

This is the simplest diffused configuration in which the base station is located in the center of
a room looking directly towards the ceiling and the transmission pattemn of the diffuser is a
first order Lambertian pattemn. This is a very common configuration which can be used for
example in the ad-hoc connection of infrared transceivers between two mobile computing
devices in a conference room.

Figure 14 shows the spatial distribution and numerical distribution of the received optical
power as well as the channel delay spread in plots (a) through (d).

This architecture is fairly simple and robust to shadowing, since the entire ceiling is
contributing to the received power at the receiver and it is very difficult to be blocked. The
path loss is high in this configuration and it has a large dynamic range that shows sensitvity to
receiver movements. In other words, displacement of the receiver in this configuration can
change the received optical power from ~58 dBo near the room center to less than -62 dBo

near the room comer. The channel delay spread is also moderately high which adds to the

power requirements of the system.
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(b) Delay spread distribution

(a) Received optical power distribution
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Figure 14. Spatial and numerical distribution of a fully diffused configuration

(Case I).
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432 Case II: Ceiling mounted LOS

In this configuration (which is sometimes called quasi-diffused configuration) the transmitter is
mounted on the ceiling and radiates the optical power by a Lambertian pattem. This
configuration is suitable for applications that fequire asymmetric communications links in
which the downstream has a higher data rate compared to the upstream data rate. The base
station is mounted on the ceiling to generate the signal for multiple users of the system in a
gven area. Examples of these applications could be found in high-quality multimedia
broadcast of signals to many users in a small area such as museums or theaters. In general, all
configurations that use a ceiling mounted device are more suitable for applications in which
the link is not symmetrical. This assumes that the receivers are operaung in a non-directed
environment in which the alignment of the receiver to the source is not required. Therefore,
the receivers need to generate the upstream signal using a diffused configuration that would
limit the achievable upstream capacity, resulting in an asymmetrical link.

The received impulse response in this case consists of a very strong impulse plus a tail of
relatively weak residual signals coming later. This is because of the fact that there is a line-of-
sight between the transmitter and the receiver, which carries a lot more power than the
reflected rays from objects in the room. The strong contribution of this line-of-sight (LOS)
impulse to the total impulse response results in a very low channel delay spread in the overall
impulse response as it can be seen from plot (c) and (d) on Figure 15. It is also seen from this
figure that the average received optical power is much higher in this configuration compared
to the configuration of case I. However, it should be noted that this configuration is highly-
sensitive to shadowing. Any blockage of the LOS path by shadowing causes a severe decrease
in the received power and an increase in the channel delay spread.

This is intuitively justified, as well. It can be seen from the physical configuration that in the
absence of LOS path, the received signal to the receiver is mainly through first-bounce
reflectons from walls and second-bounce reflection from ceiling. Both of these energy sources

are weaker than first-bounce reflections from the ceiling as in the pure diffused case.
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(b) Delay spread distribution

(a) Received optical power distribution
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4.3.3  Case III: Ceiling mounted LOS using spot diffusers

Passive optical components such as a simple reflector and a diffuser can be used to provide an
efficient distribution of optical power for the desired coverage area [123][85]. An example of
this is illustrated in Figure 16, plot (c) and (d). In this configuration, the base station is
mounted at the center of the ceiling and uses collimated optical beam to pass the signal to four
passive optical components (spot diffusers) mounted in different parts of the ceiling. The
passive optical components are used to diffuse the infrared signal into the designated coverage
area. Each diffuser covers a quarter of the room, but since the transmission pattern is
Lambertian, there is no limitation on the FOV of the transmitter. In other words, in any
location, there is a signal coming from each spot diffuser. The presence of a LOS between the
sources and the receiver results in higher power efficiency and lower channel delay spread for
this configuration. At the same time, since there are multiple sources of optical signal, the
shadowing probability is lower which means that this configuration is much more robust to
shadowing compared to the configuration of case II. It can be seen from the results plotted in
Figure 16 that the received average optical power is the highest in this case compared to all
other configurations. Note also that the channel delay spread is very small in this case.

This configuration requires some installation works that might be problematic for some

business applications. In addition, this configuration is not as robust to shadowing as the other
diffused cases.
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4.3.4 Case IV: Four sources, different directions, table mounted
diffused

This configuration uses four transmitters looking into four different directions to illuminate
the different parts of the ceiling of the room. Each transmitter has an elevation angle of 30°
and a 5th order Lambertian radiation pattern. This results in a more directed form of
transmission compared to a first order Lambertian pattern. The total transmitted power of 1
W is divided between the four transmitters. Having several lower power lasers at the base
station enables the designer to have control over which area of the room should be
illuminated. A proper mechanism can be used to scan the presence of receivers in different
directions based on the strength of the received signal. The base station then can send the
signal only in that direction and save some power. This is the basic idea of the so-called
transmission diversity for indoor infrared communications.

Since the main source of power for the receivers is from the reflections on the celing, this
configuration is also very robust to shadowing. The drawback for this configuration is the
higher channel delay spread as it can be seen from the graphs in Figure 17. However, the
power penalty due to the higher channel delay spread is much less than the gain in the received
power. So overall, this configuration uses the transmitted optical power more efficiently.

The variation range of the received optical power and the channel delay spread is very small
showing a uniform distribution of power across the room and a small sensiavity to the

movement of the portable receiver.
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four transmitters at a desktop level (Case IV).
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4.3.5  Case V: Ceiling mounted diffuse using multiple diffused

transmitters.

In this last configuration, there are four transmitters each with a 5® order Lambertian pattern
looking toward four quarter of the ceiling. The base station is mounted on the cetling and the
transmitters are about 30 cm below the ceiling looking toward the ceiling at an elevation angle
of about 10°. This configuration is very similar to the configuration of case IV, but as it is seen
in the results of Figure 17, the power efficiency is higher and the channel delay spread is
smaller. Since the whole ceiling is used as the reflector and power source for receivers, the
shadowing is not a major problem in this configuration.

The smaller distance between the base station and the ceiling results in higher power efficiency
as it can be seen in Figure 18. The presence of base station on the ceiling while providing a
ceiling reflected transmission pattern makes this configuration a good choice for areas in which
a desktop mounted base station is not peactical. For example, in some office environments,
partitions create serious shadowing problems for a desktop mounted base station. In those
cases, such configurations provide a highly efficient power distnbudon, small delay spread
values and less sensitivity to shadowing.



Power dBo

|
n
(o]

Probability that Received Power<abscissa

(@) Received optical power distribution

(c) CDF of the received optical power
1

Average:-53.15dBo

Varance:1.054dBo
08r - S

0.6}
0.4;

o2t /.

-54 -53 252 51
Received Optical Power (dBo)

Figure 18. Spatial and numerical distribution of a fully diffused configuration using

four transmitters on the ceiling (Case V).

65

H

Delay spread (ns)
n

oo

(b) Delay spread distribution

(d) CDF of the rms delay spread

) o
[+,] [o )

Probability that rms delay spread<abscissa
o
>

o
(N

Average:1.99 ns

Variance:0.68 ns

1

156 2 25
rms delay spread (ns)

3




Casel | 5961 | T 657 | 134 | 20 353 T2 T 0%
Casell | 5832 | 62 | 625 | 176 | 052 | 09 | 103 | 052
CaseIIl | 5223 | 537 | 546 | 104 | 092 | 130 | 152 | o5
CaseIV | 5436 | 548 | 553 | 053 | 376 | 43 3 0.81
CaseV | 5315 | 545 | 547 | 105 2 25 34 | 068

Table 2. A summary of the simulation results showing the received optical power as

well as the channel delay spread when different transmission configurations are

used.

44 SUMMARY AND CONCLUSIONS

Design of an indoor broadband wireless system using infrared needs careful attention to the
details of transmission and reception subsystems.

It is shown that a proper design of such a system involves proper design of the transmission
subsystem and proper arrangements of the transmitters and/or diffusers. Table 2 shows a
summary of the simulation results. Overall, it is shown that an improvement of 4 to 8 dBo in
the received optical power can be achieved by using proper design and implementation of the
transmission system. Also, the channel delay spread and the dynamic range of power can be
made smaller by choosing proper configurations. The proposed configurations are just
samples of possible choices and they just introduce the fact that “a proper link design includes
optimization of transmission arrangements”. Depending on the applications and the
environment type, case III to V show better characteristics as compared to case I and II which
are the usual candidates for employing an indoor infrared link. Furthermore, when more than
one transmitter is used, a proper power control algorithm can be used to tum-on only the
desired lasers. This can be thought as a transmission diversity that can save transmission power

and reduce the risk of the shadowing.
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CHAPTER FIVE

5 EFFECTS OF RECEIVER ROTATION ON

INFRARED CHANNEL
e ————————

5.1 INTRODUCTION

Infrared transmission is very sensitive to the direction of the source and the receiver. Infrared
systems employing diffuse configuration are less sensitive to this effect. However, there are still
considerable variations in the channel characteristics as the receiver or transmitter rotates.

This chapter contains the measurement procedure and results obtained from a large set of
measurements performed at the University Of Ottawa in Colonel By Hall (CBY), 770 King
Edward. These measurements were conducted to investigate the effects of receiver rotation on
the channel characteristics. In the following sections, the measurement setup, the measurement
plans and results for rotation measurements are presented. The measurement results are used
to describe the general characteristics of the channel transfer function using a piecewise linear
method. It is shown that the variation of the channel path loss is smooth and predictable. A
method to predict the angle of minimum path loss along a rotation path is suggested and
verified by comparing against simulation results. Also, the results of these set of measurements
have been used to define an algorithm that can be used to predict the varation of path loss in

any given transceiver configuration
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5.2 RECEIVER ROTATION

As mentioned before, the objective of measurements included the investigation of the effects
of receiver rotation and receiver shadowing. This section describes the results obtained from
the receiver rotation measurements and general conclusions obtained from them.

The receiver direction is an important parameter that has a major impact on the infrared
channel characteristics. It is obvious that an infrared receiver with small FOV that is operating
in a LOS configuration is subject to severe channel changes when it rotates. When the diffuse
configuration is used, the system is less sensitive to rotations. As the receiver FOV increases,
the changes in the channel properties become smaller. However, even a wide FOV receiver is
subject to major channel degradation because of receiver rotation. This is clearly shown in the
results of the following sections.

5.2.1 Measurement objectives and procedure

To investigate the effects of receiver rotation on the channel characteristics, 9 measurement
sites in Colonel By Hall (CBY), are chosen. The rooms have different sizes and shapes and
contain different objects. For each room, one or two positions for the transmitter and the

receiver were chosen. For each position, the measurements were performed in both LOS and
diffuse configurations.
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Figure 19. For each measurement location, the elevation angle of the receiver (6) is
varied from 0° to 180° in steps of 5° and the channel transfer function is recorded
in each step. Then the receiver orientation angle (@) is changed by 45° and the
elevation angle is set to 0° and the same set of measurements is repeated. This
process is performed 4 times in each location. Therefore, the orientation angle
takes the values of 0°, 45°, 90° and 135° and the elevation angle takes 0°,

5°,...,180°. This way, the entire hemisphere above the receiver is covered with 148

recorded transfer functions.

To measure the channel frequency response in 2 LOS configuration, the optical beam from the
laser diode is collimated with a Nikkor 50mm/f1.4 lens and points to a white flat reflector
mounted on the ceiling. The reflector is placed directly over the transmitter on the ceiling and
the transmitter is to the ceiling. Light is diffusely reflected with a Lambertian radiation pattern
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from the ceiling towards the floor. This is as if there is a Lambertian source in a desired point
on the ceiling. This method is called spot diffusing [123). In our set-up, the lens introduces a
2.7dB optical loss. For measurements in a diffuse configuration, a glass diffuser is attached to
the laser diode, generating a Lambertian radiation pattern. The diffuser introduces a 4.7dB
optical loss. For both cases, the infrared source is mounted on an adjustable stand and is
looking straight up towards the ceiling.

The receiver is mounted on a step motor that is fixed to a stand. The step motor is 2 dc motor
made by American Precision Co. and is controlled by a personal computer. It enables the
teceiver to rotate by 180 degrees in programmable steps to detect signals from different
directions. Custom computer software controls the step motor and collects data from the
network analyzer. The computer, the network analyzer and the power supplies are all placed
on a cart. In the measurements, the locations of the transmitter and receiver are first chosen.
Then, the computer program automatically rotates the receiver by 5° per step, collects the

frequency response data from the network analyzer and stores the data on the computer hard
disk.
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Figure 20. Location of the receiver and transmitter in one of the measurement

rooms (CBY: E015). Arrows at the receiver locations show the major directions of

rotation for each position.

For each desired location/configuration, four sets of data are collected. Each set corresponds
to a full 180° rotation of the receiver and since the rotation is done in steps of 5°, there are 37
recorded frequency responses in each turn. This rotation is done to change the elevation angle
of the receiver as illustrated in Figure 19. The receiver is looking towards one of the walls of
the room at angle zero and as the elevation angle increases, the receiver rotates towards the
celling. When the elevation angle reaches 90°, the receiver is looking directly towards the
celling. As the elevation angle increases again, the receiver turns towards the opposite wall of
the room and at 180° the receiver is facing directly towards the opposite wall. The receiver is
rotated 3 times and by 45° each time to record another set in the same position. This rotation
simply changes the orientation of the receiver in the room to change its starting point from

being towards one of the walls to face to a toom corner and then the other wall and so on.
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Figure 19 shows the orentation and elevation angle of the receiver. Figure 20 shows one of
the measurement sites called room A (Room E015, CBY building). For each of the two
locations in the room, the four orientation angles are clearly marked by numbered arrows.

For each configuration at each point, four sets of 37 frequency responses are recorded. The
same procedure is followed for both LOS and diffuse configurations. Therefore, for each
location in each room, there are 148x2=296 recorded frequency responses. For our
measurements concerning the effects of rotation, 17 positions in the rooms were chosen
resulting in a database of 296x17=5032 frequency responses of the channel. This is a very
large database of indoor infrared channel measurements and gives us a good base for statstical
analysis of the recorded data and its parameters. Appendix B contins the shapes and
dimensions of all the measurement sites. It also shows the locations and directions of rotations

for the receivers in the measurement sites.

522 Measurement results and observations

In this secdon, parts of the results obtained from the measurements are described. Figure 20
shows the location of the source and the receiver in room A. This is a typical classroom of size
5.3 mX7.0 m with 5 rows of chairs, a total of 33 chairs for students. Walls are rough concrete
type with yellowish color. Ceiling is flat with the same color. Green board extends over the
entre width of the class. There are 16 flourescent lamps with transparent plastic covers on the
ceiling each is 1.2m by 0.3m. In the diffuse measurements where the ceiling is illuminated by
the infrared radiation, it seems that little energy is reflected from these covers and most of the
received energy passes through the covers and is being absorbed. All other office and class
environments that are used for measurements have the same type of ceiling unless otherwise
specified in the room description in Appendix B. The source is at the center of the room with
a height of 1.3 m. The source is placed at coordinates A,={1.5 m, 2.5 m} and has a height of
1 m. The receiver is at the center of the room. Figure 21 shows the effect of receiver rotaton
on the amplitude of the channel frequency response in room A. It can be seen that the shape
of the transfer function changes when the receiver rotates. The rotation may cause some nulls
in the frequency response and changes its dc value representing the channel path loss. This
figure also shows the effects of receiver rotation on the channel impulse response.
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Figure 21. Effect of receiver rotation on the magnitude of the channel frequency

response (top) and the channel impulse response (bottom).
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Although the details of the transfer function shape and the change in the path loss are
different in each room, the same trend is observed in all the measurement results. The path
loss and the delay spread of the channel change with receiver orientation such that the high
values of the received optical power correspond to low values of delay spread. The relation
between the channel path loss and channel delay spread is studied with more details in
subsequent sections. Figure 23 shows an example of these changes for both LOS and diffuse
configurations in that same location of room A. As the receiver elevation angle, 6, increases
from zero toward 90° the PL and delay spread decrease. When @is between 50° and 130°, the
channel delay spread is usually very low and also the PL has its lowest value somewhere in
between. Increasing 6 after 130° would increase the path loss and the delay spread again. By
observing similar curves for other locations, it is clear that the rotation has an almost
deterministic effect on the variation of the path loss and the delay spread. The lowest value of
the PL and the angle of lowest PL seem to be quite related to the physical location of the
source and receiver. It will be shown that these two important parameters can be predicted by

using the information about the physical location and relative rotation angle of the receiver.
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Figure 22. Variation of the extracted set of parameters for a rotated receiver in

location al, room A. Each plot shows the variation of a parameter for 4 sets (4

curves) of 180° rotations in a given location. Results of the diffused and LOS

configurations are presented separately for comparison purposes.
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Figure 23. The channel path loss and its delay spread change when the receiver
rotates. Graphs show these changes for both LOS and diffuse configurations for

location al, direction (2).

Figure 22 shows a set of graphs showing the desired parameters and their change due to the
rotation of the receiver. The extracted sets of parameters are from the recorded set of
frequency responses in one of the locations in room A. The change of each parameter with
respect to the angle of the receiver is clearly seen in the graphs. The graphs are also useful for
comparing the LOS and diffuse configurations.

It is also interesting to note that the fall and dise of the path loss and the delay spread in Figure
23 seem to have some correlation. This is an interesting fact that is observed more clearly by
plotting the path loss versus the delay spread for any given location.

Figure 24 shows this plot for the room A, location a1. The two plots show the relationship
between these two parameters for the LOS and diffuse configurations in the same location. It
can be seen that the two parameters are linearly dependent on each other when they are
plotted on a log scale. Note that the channel path loss is usually reported in log scale by dBo,

but the delay spread is usually reported by its value and not its log value. In other words, when
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the two variables are expressed in a log scale, the value of the correlation coefficient for the
linear regression between them is very close to unity. It should be noted that this relationship
is a statistical measure of dependence of these two variables. That means for most cases, a high
value of delay spread corresponds to a high value of path loss. Figure 24 also shows the result
of a linear regression between the two parameters as a solid line on the plot. This relationship
can be represented by

PL =t log,.(0)+f

where PL is the path loss and @'is the delay spread.

This relationship was also observed for in all other measurements. The values of & and B are
not the same in all cases and they depend on the locaton and configuraton. However, for
most of our results, the values are very close as it can be seen in Table 3. This table shows the
correlation coefficient between path loss and delay spread values for different configurations
and in some of the measurement sites. The parameters of the linear fit, o and B are shown. It
is seen that the correlation coefficient ranges between 0.89 to 0.97 for both configurations in
all the rooms. On the average, the correlation is high (around 0.93) and one can conclude that

these two variables are dependent as far as the receiver rotation is concerned.
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Figure 24. The channel delay spread and the channel path loss have a strong

correlation when the receiver rotates. These two plots show this relationship in one

of the measurement locations (room A, al).

From the numerical results obtained, it is seen that the average value for 0 and [ are
noticeably different for LOS and diffuse configurations. The varances of these varables are
also smaller for the LOS case. Using the numerical results teported in this table, it can be
concluded that when the receiver rotates, the channel delay spread can be approximately

esumated from its path loss by using:

&=
o =10\ %

The value of @, is approximately 9 (dBo/ns) for the diffuse configuration, 8 (dBo/ns) for the

LOS configuration. The value of B, _ is approximately 57 dBo for the diffuse configuration and
61 dBo for the LOS configuration.

78



The mean-squared-etror (MSE) for the linear fit in all locations has also been included it in the
table. The small value of the MSE, which is less than 1.5 dBo in most cases, shows that usually,
the suggested linear relationship is a very good approximation.

5.3 VARIATIONS OF THE TRANSFER FUNCTION

The channel transfer function varies in all frequencies when the receiver rotates. In this
section, the variations of H(f) are studied and some general conclusions about the effects of
rotation on the channel transfer function are provided.

As it was mentioned before, the collected data for each point consists of 4 sets of frequency

‘Room| {MSE MSEeos | Xcomnos:
Al. 0."6097 7 0.7184| .97
A2 19.11)56.6811.2237| .89 7.89 |60.04]/0.9839] .94
Bl |10.17|55.92(0.6507| .92 7.42 161.37{0.6157] .94
B2 | 8.51 [55.01[0.6672] .95 8.41 |58.84|0.8469] .95
€2 | 4.62 [64.87]0.2960] .97 4.79 |65.02|0.7690| .92
C3°]7.9958.9411.1574] .97 9.46 [60.47]2.3529] .96
Dl ] 9.06 [58.65[1.1756] .94 8.39 |61.89}2.0323] .91
Dé - 8.39 158.35[1.5362| .93 7.34161.37]|1.4281]| .93
El | 8.03 {58.75{0.7282] .97 7.45161.95{1.0827| .95
E2 | 7.88 (57.85]1.4376[ .94 9.79 159.80(/2.1768] .94
~Fl. 8.79 157.33]0.7521[ .90 5.85|62.73]1.0284] .86
“F2 - 9.93 |57.66|/0.8604] .96 7.18 |63.01}0.5315] .98
Gl J15.59{50.86(1.2283] .89 ]10.89(58.45]1.3423 .89
I1 | 9.89(58.43{0.3857] .98 6.97 |63.09[0.9751f .93
I2 | 7.46 |61.68(0.5509] .93 7.42 |64.66|0.6905] .93
J1 |11.27{51.66(1.0070] .91 [10.12(54.25|1.2883 .91

Mean| 9.0938  57.461 | 0.8917 | 0.9388 [ 7.9412 ] 61.107 | 1.1789 | 09319

Var. 22649 [ 3333 | 03709 | 0.0303 [ 1.5626 | 2.6098 | 0.5645 | 0.0299

Table 3 Correlation coefficient between the channel path loss and the delay spread
in different rooms and in different configurations is shown here (Xcorr). The
coefficients of the linear fit as well as the MSE of the fit are also shown in this
table. Note that, the corresponding values depend on the transmission
configuration (LOS vs. diffuse).
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responses each corresponding to a different starting angle. Each of these four sets consists of
37 different frequency responses collected at different elevation angles. The receiver starts
from angle 6=0° and continues up to 8=180° in steps of five degrees. Therefore, in each
rotation of the receiver, 37 frequency tesponses are collected. These frequency responses
cover a frequency band of 400MHz. For each H(f), 128 complex samples are stored and used
for processing. Therefore, each set could be considered as a matrix of size 128x37. Each
column represents the transfer function at a given angle and each row represents the changes
in the frequency response at a given frequency. Since the objective is to study the effects of

rotaion on the channel transfer function, the changes in rows of these matrices are

considered.

Each row represents the changes of the transfer function at a given frequency with respect to
the receiver direction. These functions can be represented by G(£,6,P,C) where P is a set of
parameters that affect the channel transfer functon except the elevation angle, 8, and Cis a
parameter specifying the configuration (diffuse or LOS). By observing the shape of G at
different frequencies, it is seen that G could not be considered as a random process. In other
words, it exhibits a predictable shape. A simple and straightforward method of characterizing

the shape of G is to apply a piecewise linear approximation to each G and recording the

parameters of the fitted curve.

5.3.1 Precewise linear approximation

Figure 25 shows a sample of the G function. The piecewise linear approximation to the curve

is also shown in this figure. The developed fitting algorithm that is used to process the results

is as follows:
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Figure 25. A sample of the changes in the transfer function of the indoor infrared

channel at a given frequency with respect to the orientation of the receiver.

Given a curve G(8), it is desired to fit a piecewise linear curve with an unknown number of
pieces to it. The parameter “tolerance” specifies the maximum square error between the fitted
curve and the actual curve. The curve G() consists of a finite set of points (37 points in our
case). The algorithm starts from the first point and passes a best approximate line from the
first three points. The best approximate line is specified by using a mean-squared fitting
algorithm, which is a widely used linear fitting algorithm. Then the maximum squared value of
the difference between each and every one of the points on the G(8) curve from the fitted line
is calculated. If this error is more than the tolerance, then the linear fit would only be a line
passing from the first two points and the algorithm starts this procedure again from the second
point. If this error is less than the tolerance, one more point is added to the set and again the
best linear fit is passed through these four points. This would go on until adding the K* point
results in an error, which is more than the tolerance. Then, the first piece is fixed from point 1
to K-1. The algorithm starts again from point K and repeats the procedure until it reaches the

last point of the curve G(8). The tolerance value is set to 0.5 dBo which means that each and
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every point of the curve has a squared distance of less than 0.707=0.5% dBo from the actual

curve.

The firted curve has a maximum deviation from the actual curve that is specified by the
tolerance of firting. The piecewise linear curve has H_nonzero pieces and the lengths of those
pieces are specified by the parameter F_Length. The length of each piece could be different
from another one. The slope of each of these linear pieces is also a useful parameter. This
slope is specified by the parameter H_Diff that is the change of G in each piece divided by the
length of that piece. This is effectively the slope of that piece. Clearly, more fluctuations in G
results in a larger H_nonzero since more linear pieces are required to approximate a non-
smooth curve. F_Length is a parameter that specifies how long G maintains its linearity when
8s changing. A large value of F_Length means a linear curve. H_Diff specifies how fast G(6)
changes by changing 6. A large value of H_Diff means more sensitivity of the received optcal

power to rotations.

532 Parameters

There are about 18,000 G curves in the database (128 curves for each rotadon set that consists
of 37 transfer functions). For each of these curves, two sets of parameters, H_Diff and
F_Length, plus a single number, H_nonzeto are derived. It is obvious that depending on the
shape of G, the H_Diff and F_Length sets may contain different number of elements. In other
words, a smooth G results in 2 small H_nonzero and two sets with a few elements for H_Diff
and F_Length. However, a non-smooth curve may result in a high value for H_nonzero and
two large sets of data for H_Diff and F_Length. For each of these parameters, the following
statstical parameters can be obuined:

Mean.

Y

Varance.

Median.

\ A Y,

A%

10® percendle.
» 90™ percentile.

There would also be an interest in estimating the probability distribution function (PDF) and
cumulatve distribution function (CDF) of these parameters. This would give a statistical
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description for each of these parameters. The change of these parameters with respect to the

frequency and the transmission configuration (LOS and diffuse) are also important.

533 Results and observations

The desired statistics are collected by adding all the available G functions from all the available
rooms and locations. The LOS case and diffuse case are considered separately to let us
compare between the statistics of the two different configurations. Figure 26 to Figure 32
show the graphs of the extracted parameters and their distribution with respect to the
frequency and the configuration. The results for each parameter are described individually.

5.3.3.1 Parameter F_I ength

As it was mentioned before, this parameter specifies the length of each linear piece. It has a
unit of degrees. Figure 26 and Figure 27 show the parameters for F_length. Figure 26 contains
two columns. The second column represents the PDF of F_Length at different frequencies. In
each column, the top row represents the distributon for the diffuse configuraton and the
second row represents the distribution for the LOS configuration. The first column is a top
view of the PDF curves with the shades corresponding to the amplitude of the PDF. In this
graph, the mean of the F_Length is also superimposed to give a better understanding about
the changes of this parameter with respect to frequency. It could be seen from the graphs that
the average length of linear pieces, F_Length, is decreasing by increasing the frequency. In

other words, at low frequencies, the G curve is smoother than in high frequencies.
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Figure 26. This graph shows the probability distribution function of the F_Length
parameter for diffuse case (first row graphs) and LOS case (second row graphs).
The left column graphs are a top view of the PDF graphs with average of the

parameter superimposed on them.



It is also seen that the PDF of F_Length for the diffuse case is more uniform near dc
compared to the LOS case. In the LOS case, it seems that the PDF has a constant shape
across the frequency band except in the first few MHz of the band. In other words, its
statistics seem quite stable with respect to frequency. This is more clearly seen in Figure 27
where all five statistical parameters of the F_Length are plotted for the two configuration
cases. The average of F_Length is almost constant from 30 MHz to 400 MHz in the LOS case
while in the diffuse case it has more variations. This average ranges from 20° to 30° at low
frequencies and is around 15° from 50 MHz up, for the LOS case. For the diffuse case, at high
frequencies, the average F_Length is around 15°, but for low frequencies, it ranges from 15° to

35°. For both cases, the average of F_Length is sharply decreasing from dc to 50 MHz.
The variance of the F_Length is almost constant across the frequency band. Note that the
graphs in Figure 27 represent the mean minus variance and the mean plus variance to give a

good idea about the spread of the parameter’s value.
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Figure 27. Statstics of F_Length for the diffuse (top) and LOS (bottom)
configurations are shown in this figure. These statistics include average, median,

10" percentile, 90* percentile and mean plus and minus variance.
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Approximation of the pdf of Fd_Length (Diffuse configuration)
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Figure 28. The probability distribution function of F_Length closely matches some
well-known distributions such as gamma, Weibull and exponential distributon.
This graph shows a sample of the PDF of F_Length and the corresponding fit of
these three well-known distributions to it.

Another notable point here is the shape of the PDF for the F_Length. These shapes are quite
similar to some well-known distributions such as Weibull, exponential or gamma distribution.
This similarity is clearer at higher frequencies. A graph showing an optimized fit of these three
distributions to the PDF of F_Length is shown in Figure 28. The gamma distribution provides
the best fit.
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5.3.3.2 H_nonzero

This parameter specifies the number of linear pieces that is required to fit the G curve with a
piecewise linear curve. It can be considered as a measure of smoothness of th'e G curve. From
Figure 29, the PDF of H_nonzero does not have a stable shape across the frequency band.
Near dc, it is more concentrated around small numbers between 6 to 10. Increasing the
frequency seems to distribute this PDF with an increasing average towards higher frequencies.
In other words, increasing the frequency, the shape of G curve is getting more nonlinear.
From Figure 30, the average of 6 to 10 pieces is enough to approximate the G curve from dc
to around 40 MHz. From 40 MHz to 400 MHz, 10 to 15 pieces exhibit a reasonable
approximation for the G curve. On the average, the LOS case has a larger H_nonzero
compared to the diffuse case. This average also steadily increases with frequency for both the

LOS and diffuse configurations. The vanance of H_nonzero also steadily increases with
frequency.
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pdf of Hd-Nonzero (Diffuse configuration)
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Figure 29. This graph shows the probability distribution function of the
H_nonzero parameter for diffuse case (first row graphs) and LOS case (second row
graphs). The left column graphs are a top view of the PDF graphs with average of

the parameter superimposed on them.

89



Statstcs of Hd_Nonzero (Difluse configuration)
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Figure 30. Statistics of H_nonzero for the diffuse (top) and LOS (bottom)
configurations are shown in this figure. These statistics include average, median,

10" percentile, 90" percentile and mean plus and minus variance.



5.3.3.3 H_Diff

Figure 31 and Figure 32 show the PDF and the statistical distribution of the H_Diff
parameter. This parameter as it was mentioned before, specifies the rate of change in the G in
each step. Considering the results, it is clear that the average of H_diff is very close to zero
across the frequency axis. This shows that the probability of increasing or decreasing the
received magnitude of H(f) at a certain frequency by rotating the receiver is almost the same.
Itis also clear that the variation of H_diff is smaller near dc. It increases sharply from dc to 40
MHz. It remains almost constant from 40 MHz to 300 MHz.
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Pdt of Hd-Diff (Ditfused configuration)
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Figure 31. This graph shows the probability distribution function of the H_Diff
parameter for diffuse case (first row graphs) and LOS case (second row graphs).
The left column graphs ate a top view of the PDF graphs with average of the

parameter superimposed on them

This shows that G(8) is flatter near dc. In other words, there are smaller chances of large
vanations in | H{f)| due to rotation at low frequencies. This illustrates that the low frequency
components of | H(f )| are less susceptible to rotation effects. It is also seen that the PDF of
H_Diff has a uniform shape across the frequency axis that looks like a two-sided exponenual

distribudon.
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Statistics of Hd_OIff
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Figure 32. Stadstics of H_DIiff for the diffuse (top) and LOS (bottom)
configurations are shown in this figure. These statistics include average, median,

10" percentile, 90™ percentile and mean plus and minus variance.
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5.4 PATH LOSS VARIATIONS PROPERTIES

Channel path loss, PL is the most important parameter of the infrared channel. Noting the
variation of the curve PL(6) for all our measurements, it was observed that the variation of this
curve has some general properties. For example, the location of the minimum of PL(6) can be
predicted by knowing the physical location of the source, and the receiver in the room. In
addition, it was found that the variation of this curve is such that it can be approximated by a

curve-fiting model. This section describes these general characteristics of the variation of the
received optical power or channel path loss for a rotating receiver.

5.4.1 Peak angle estimation algorithm

Figure 33 shows the physical configuration of an infrared transmitter and an infrared receiver.
The line RM is the surface normal line for the receiver and AT is the receiver surface normal

line for the transmitter. The receiver R is rotating such that the angle € changes from 0° to
180° in steps of 5°. M is the point on the ceiling that is right in front of the receiver. In other
words, M is the intersection of the receiver R surface normal line and the ceiling. Point B is the

orgin of a normal line to the ceiling that passes the receiver. When the receiver rotates,
location of M changes on the ceiling.

The light is emitted from the transmitter and is diffusely reflected by the ceiling, walls and
floor to reach the receiver. Each reflection re-transmits the optical power with a Lambertian
pattern. The reflections are lossy and therefore, among the received optical rays, the set of rays
which are bounced just once carry most of the received optical power.

The channel transfer function is a function of frequency and the receiver elevation angle §and
it can be denoted by H(f;6). The received optical power is the dc component of the transfer
function or H(0,6). Observing the results of the measurements, it is seen that H(0,6 has one
peak which corresponds to angles in which the receiver is looking towards the ceiling. It
decreases almost monotonically as 8 changes from the peak angle. This characteristic of the
transfer function guides us to find a simple mathematical model to find the angle of the
received peak power using the room coordinates. To simplify the calculations, the ceiling is

assumed to be an infinite plane with a uniform reflection coefficient.
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Figure 33. Geometry of a transmitter and a rotating infrared receiver.

Assume that the receiver has a very nartow FOV. Such a receiver would only receive the
optical power that is transmitted from a small surface area near point M as shown in Figure 33.

Assuming a Lambertian reflection pattemn, the received optical power at receiver R from the

source could be written as follows:

Py < P, cos"(S)dQ2,

where Py and Py, are the received optical power at R and M respectively, n is the Lambertian
reflecion order of the ceiling. The angle between the receiver normal vector and the normal

vector of element M on the ceiling is denoted by ¥ and is shown in Figure 33. Since the source
and ceiling are in parallel, A2 is given by:
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dQ, = cos(0) (Rt)z -1

Now considering the P,

Py o< P cos™(a)dQ,,

A (RM)2dQ,,,.
d = M _ Fov
Q,, =cos(a) M) cos(a) (M)’ cos(f)

where A4, is the small area in the vicinity of M that is seen by the receiver, P, is the transmitted
power from the source, m is the Lambertian order of the source and &Kdpo,. is the small
receiver FOV. Noting that, T4 and RB are fixed for a given set of measurements and don’t
change with 6, it follows:

(TA)
cos(e)

™ =

These results can be combined as follows:

ArdQd 5y
(TA)’
The values of Pr, A4y, &y, RB and T4 are known and fixed for a given measurement

configuration. Therefore, noting that #=90°-, it follows that:

Py o< Prcos™ (@) cos" ()dQ2,dQ,, = P, cos™ (a)cos" ()

P, o< cos™(a)sin""' () (5-2)

For most office environments, n=1 and therefore, the received power would be proportional
to cos™ (a).

The assumption of a narrow field-of-view receiver doesn’t hold for receivers designed for
diffuse configurations including the receiver that was used for our measurements. However,
the strongest set of rays that are reflected just once and reach the receiver are passing the path
of T->M—R. This is evident by noting that other small areas on the ceiling that receive the
optcal power and have a Lambertian reflection, will have an angle with respect to the RM line
(The receiver surface normal) and therefore, their power would be multiplied by the cosine of
that angle before it gets added to the received power. As the distance between this area and M

increases, the reduction will be increased and those areas will contribute less to the first-

bounce received power.
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Therefore, this simplification is expected to be valid for estimating the peak angle for the H
curve and as the results show, the expectation is justified. It should be noted that this
approximation is valid to find only the peak of the received power and not all variations of
H(0,6). As M moves away from the point of maximum, the effects of reflections from other
parts of the ceiling and walls become more and more important and a narrow-FOV receiver
doesn’t provide a good model to predict the variation in the received optical power for those
cases. The peak of the H(0,6) curve would be at a point where cos(®) is maximized. This point
will be along the line of intersection between the ceiling plane and the surface specified by the
trangle RBM. It is therefore very easy to find M for any given configuration by just following

this procedure.

1. Pass a plane from the receiver that contains the direction of recetver rotation and is normal
to ceiling,

2. Find the intersection of this plane with the ceiling plane. Name that line BB’

3. Passaline from A to be orthogonal to BB’ and find the intersection. Call that point M.

4. Connect M to R and measure the 6 corresponding to RM.

The rationale behind the scheme is that cos(®) is maximized when 4M has its smallest value
and the smallest possible .AM for a rotating receiver could be found using the above algorithm.

For implementation of the algorithm, the desired point on the ceiling can be found by tracing
the loci of M and finding the point in which equation(5-2) is maximized.

542  Peak angle estimation results

The measurement results are recorded for 17 different locadons in 9 rooms and at each
location, 4 sets of rotational results are collected. Using the simulation program, the transfer

functions corresponding to all measurement sets have also been calculated.
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Figure 34. These graphs show the variation of the normalized curve H(0,6). Solid
lines are measurement results. Dotted lines are results obtained from the simulation
program. Dash-dot lines are the curves generated by using the peak angle

estimation algorithm. Note the close locations of the peak for the esimation curves

and the measurement curves.

The above algorithm has been applied to generate a power estimate curve for each set of
collected data. A unity value for n and m are assumed. To generate the results, the H(0,6)
curves from simulation, measurement and estimation were all normalized to a maximum of
one to show the location of peak. Figure 34 shows the location of the peak for measurement,
simulation and estimation results. As it can be seen from the generated results, the estimation
method provides very good results for the peak of these curves.

In addition, the graphs in Figure 34 show very good agreement between the simulation results
and measurement results. Not only the peaks are matching in almost all cases, but also the
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Figure 35. Graphs showing the estimation error when compared to the
measurement (right column graphs) and simulation results (left column graphs).
The top graphs show the distribution of error value and the bottom graphs show
the cumulative distribution of errors. The difference between the estimation
algorithm and the measurement is less than 20 degrees in more than 90% of all the
results (left bottom graph). The error is smaller than 20 degrees 95% of the time
when compared to the simulation results (right bottom graph).

shape of the curves ate very similar. It should be noted that for the simulation results, only two
bounces were used. Increasing the number of bounces used in the simulation would result in
excessive computation time and doesn’t change the results drastically.

Figure 35 shows the error distribution for the estimation method with respect to measurement
results as well as the simulation results. It can be seen that in almost 90% of the cases, the
estimation has an error of less than 20° when compared to the measurement results.

Compared to the simulation results, the error is less than 20 degrees for 62 sets of results out

99



of 64 simulated cases. That shows a good agreement between the peak angle estimation
algorithm and the simulation results for more than 95% of all the results.

5.4.3  Estimation of the received optical power using curve fitting

Vanation of the received optical power with respect to the elevation angle seems to be
following a predictable pattem. Traditional curve fitting algorithms have been used to estimate
the vadations of these curves and have achieved very good results. The idea is to estimate the
path loss of the infrared channel ar all angles in a rotation set (6 ranging from 0° to 180°) by
knowing a few samples of the dc value of the transfer function measured at some given values
of 6. These samples could be obtained from actual channel measurements or using the
simulation program. The measurement database contains more than 130 sets of H(0,6). For
each curve in the database, N samples are chosen. A fitting algorithm is then used to fit 2 G(8)
curve to these samples. The samples are chosen uniformly from 6=0° to 6=180° and the
distance between them is 180/(N-1) degrees. Several different curve fitting algorithms
including polynomial curve fitting, spline curve firting, piecewise linear approximation fitting
and nearest neighborhood curve fitting have been tred [72]. The etror of curve firing is
defined as the difference between G(8) and H(0,8) on a dBo scale.

Results show that as N increases, the error decreases. In addition, simple curve fitting
algodthms such as polynomial curve fitting seem accurate enough for the precision
requirements of most communication applications. The best results are obtained when the
spline curve fitting algorithms are employed. The figure of merit for comparing different
fitting algorithms is the average of the difference between the fitted curve and the measured
H(0,6) for all the measurement results.

Figure 36 shows examples of the curve fitting results. The left figure shows a case with an
average curve fitting error of less than 0.1 dBo and the right curve corresponds to one of the
poor cases with about 0.5 dBo of average error. These curves are obrained by using a
polynomial curve fitting algorithm and using N=5. It is found that using this value and a
polynomial curve-fitting algorithm is simple and provides a very good approximation for all

our measurements.

100



mam 0.82, oot Mean Even0.084173 die

T m w ""a..:";....:.f'."...n'i o e R ébim::mm % e
Figure 36. The above two graphs show the accuracy of a curve fitting to predict the
varation of the H(0,6) curve. Solid line represents the actual measurement results.
Star dots represent the estimated curve which is obtained by a polynomial curve
fitting of order 4 to the sample points obtained from the measurement results.
Sample points are chosen uniformly from 6=0° to 8=180° in steps of 45° and are

specified by a circle around the star on the graphs.

The worst case average error when the curve fitting of order 4 with N=5 was applied to the
entre collected database of H(0,6)s was about 0.6 dBo. Similar results can be obtained by
using a spline curve fitting algorithm. For N=4, the results of the spline curve fitting algorithm
provide better accuracy compared to the polynomial curve fitting. For N=3 or less, the fitting

does not provide acceptable results for all cases.

Therefore, it can be concluded that the variations of the channel path loss for a receiver that
changes its elevation angle from 0° to 180° can be accurately estimated by measuring
(stmulating) only five points along the entire rotation path. Applying a 4" order curve fiting
algorithm to the measured (simulated) results, the variation of path loss versus elevation angle
is found with errors of less than 0.5 dBo. This curve can be used to estimate the path loss for

any arbitrary elevation angle 6 between 0° and 180°.
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5.5 MODELING PATH LOSS VARIATION

For system level analysis of the infrared communication systems, the variation of channel
parameters such as the channel path loss or the channel delay spread may be required. The
simulation algorithms described in Chapter 3 provide good initial estimates for the value of
these parameters. If results with more accuracy are desired, the spatial resolution of the model
as well as the tracked number of bounces should be increased. This increases the
computational complexity of the model and in some cases makes it impractical for engineering
purposes.

Measurement results can be used to enhance the accuracy of the simulation algorithm as was
shown in the case of receiver displacement modeling. In this section, the objective is to show
that the results of the rotation measurements can be used to provide means of increasing the
accuracy of the channel path loss estimate for a rotating infrared receiver.

The starting point for estimating the channel path loss is using the simulation algorithm that
was described in Chapter 3. For any given room, knowing the physical parameters of the
source and the receiver, the algorithm given in Chapter 3 can be used to estimate the channel
impulse response. The calculation of the channel path loss can be done very fast if the number
of bounces (#) is less than 2. The initial estimate of the channel path loss in this section is
denved with this setting, i.e., tracking only the rays that are reflected just once. Therefore, for
each major rotation direction of a given location, a curve PL(6) can be generated. This curve
represents the estimated value of the channel path loss when the receiver changes its elevaton
angle from 0° to 180° in steps of 5°. The measurements provide a similar curve, PL_() that
shows the actual value of the channel path loss for the same conditions.

Figure 37 shows some samples of these curves for one of the measurement locations in room
J, location j1 (See Appendix B for location specifications). The top four graphs show the
curves PL,(6) and PL,(6) for each of the major measurement directions in this room. [t can be
seen that the two curves have considerable differences when the elevation angle is close to 0°
or 180°. In other words, the accuracy of the one-bounce estimate decreases when the receiver
is facing towards the walls. The bottom graph in Figure 37 shows the path loss estimation
error, PL(6)-PL(6) for each of the top four graphs. It can be seen that the error values range
from close to 0dBo to around 10dBo. Note that, the error curve has higher values at both its

ends and goes lower in the middle.
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Figure 37. Vanaton of the channel path loss in room J, when the elevation angle is
changed from 0° to 180° in steps of 5° shown in the top four graphs. The graphs
also show the estmated value of the channel path loss using the simulation
algorithm with dashed lines. Bottom graph shows the error in the estimation of

channel path loss using the simulation.

The estimation error generally reaches its minimum when the channel path loss is minimum.
This happens when the elevation angle is such that the received optical power is at its

maximum level for that rotation. In other words, the error reaches its minimum when the
curve PL_(6) reaches its minimum. The corresponding angle, 6, can be estimated as
described in Section 1.4. The value of error at 0., is usually small and varies between 0.5dBo
to around 2dBo. The small error value at the dip of PL,(6) compared to the error values at the
two ends suggests that the simulation results are close to the actual value for this range of

clevation angles. Therefore, the focus would be to find methods of reducing the estimation

error at angles that are not close to 6, . Consequently, a simplifying assumption is made that
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the two curves are equal at 6, and the objective is to find an algorithm that minimizes the
distance between the two curves for all angles.

The error value increases as the elevation angle moves away from 6,,. The error ranges from a
few dBo to as high as 15dBo for some measurement configurations. The error is a

monotonically increasing function of the difference between the receiver angle and 6, i.e.

|6-6.,.]. Obviously, the amount of error depends on many parameters that relate to the
propertes of the room as well as the location of the transmitter and receiver. However, the
purpose of the effort is to see if it is possible to relate the estimation error to one or two
known variables for a given configuration. To answer this question, many different parameters
that relate to the physical properties of the system as well as the estimated path loss curve have
been studied and two appropriate candidates have been identified. These two parameters can
be easily found for a given configuration. By applying a simple algorithm as described below,

the accuracy of the path loss curve, PL(6) can be considerably increased

5.5.1 Modeling parameters.

Figure 38 shows the normalized path loss curves for room A, locaton a,. Both curves are
normalized and have a dip of 0dBo. Define

u, =PL (6,,)—-PL(0)

u, =PL (6,,)- PL,(180)
Err, = PL_(0)- PL_(0)

Err, = PL_(180)- PL (180)

(5-3)

where # values are the differences between the dip of the PL(6) curve and its two ends in dBo

scale and Err values are the differences between the measured and the estimated curves at their

two ends.
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Figure 38. The normalized values of the estimated path loss and measured path loss
for location a2 are shown in this figure. The error values Err, and Em, curves are
proportional to the values 4, and . That is as the estimated valye from the

simulation algorithm drops from its peak, its error increases proportionally.

These values are all shown in Figure 38. Based on the results of the measurements, a close

relaion between the values u, (4,) and Err, (Err,) is observed. The error value at each end
of the curve, Err, (Etr,) increases as the difference between the estimated path loss and its
peak increase. This is an important observation that is used to estimate Err, (Em,) by only
knowing the values of u, (4,). Note that, U, (4,) could be simply derived from the first-
bounce simulation curve, PL(6).

It was also found that the amount of the estimation error depends on the distance between the
receiver and the closest wall in front of the receiver. Figure 39 illustrates this distance that is
shown by the variable RI/(B). As this distance increases, the estimation error becomes smaller
and as the receiver moves to face a closer wall, the estimation error becomes larger. This could
be intitively verified by noting that the single bounce estimation does not consider the
second, third and higher order reflected rays that are received from walls. When the receiver is
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Figure 39. As the receiver changes its elevation angle from 0° to 180°, the distance
of the line RI/(8) changes. Point V is the intersection of the receiver surface
normal and the closest wall of object inside the room. The length of R1” at 8=0°

and 8=180° has a good correlation to the error in the path loss estimation.

facing a close wall, a considerable amount of the received energy is coming from the wall that
is in its front. This energy is much smaller than the energy of the reflected light off the ceiling
and it consists of the energy of the rays that are reflected once, twice and more. Since the
simple one bounce model does not consider the rays that are reflected twice and more, the
amount of error in the estimation increases. As an example, in room A location al, as shown
in Figure 20, when the receiver is rotating along the major direction (1), the one bounce model
has a better prediction at #=180° than 6=0°. This is because the distance of the receiver to its
opposite wall is larger ar 8=180°.

Concluding from these observations, the two varables RI” and « are chosen to predict the
estimation error at the edges of the error curve. The objective is to find a simple formula that
matches the value of Err for the measured cases. For each measurement location and along
each of the major rotation directions, the measured PL.(8) is compared against the simulated
curve PL(8) to find two estimation error values, Er, and Err,. These two values are added to

a target set Exr. Then the curve PL(8) is generated and used to find #, and #, that are added to
a set of all simulated  values, U. The room configuration is used to find two variables RI(0°)
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and R1/(180°) that are added to a measured set of all receiver to wall distances, RV. Observing
the relation between the values in these three sets, a second order function of {«, RI"} seemed
a simple and yet effective fit to the recorded Err values.

Define

g(RV,u)=a,RV* +au® +a,RV +au+auRV +a,

The objective is to find the set of {a,, a, @, a,, as, a5} that minimizes the distance berween g
and the elements of the set Egr for all {RV4)| #U, RVe RV}. To solve this problem, a
Nelder-Mead type simplex search algorithm is used. This is a method used to minimize a given
function using a set of known data. The method is a direct search method that does not

require gradients or other derivative information. The details of the search method could be
found in [72].

5.5.2  Modeling results

Figure 40 shows the results of applying the optimization method to find a good approximation
for the target set Egr. The top graph in this figure shows the relation between the value RV
and the estimation error. As it was mentioned before, the error in estimating the path loss has
a larger value when the receiver has a shorter distance to the wall or object that is in front of it.
For RI” values less than 2m, the error ranges from 2 to 18 dBo. The error decreases as the RV
increases and for R1” values above 4 m, the estimation error is smaller than 2dBo. Note that,
for a small Rl value, the error has a large range and therefore, the parameter RI” can not
uniquely specify the error. That’s why the parameter « has also been used to approximate the
error values.

The bottom graph shows the error value vs. » as defined in equation (5-3). Again, it is clear
that the error is a monotonically increasing function of #. Note that, the error has a larger
range for larger u values. When the edge of the curve PL,(®) is 25dBo or more below its peak
value, the actual path loss could be 2 to 18 dBo away from the path loss estimated by the single

bounce model.
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Figure 40. Top graph shows the relation of RV (receiver to wall distance at the
elevation angle of 0° and 180°) to the estimation error, Err. Bottom graph shows
the relation of the variable u (drop of the estimated path loss, PL, from its peak at
elevation angle of 0° and 180°). The circles in the graph represent the estimated

error value using the second order curve fitting method.

Applying the optimization algorithm, the error estimating function is found to be:

g(RV,u) = ~0.06RV?* +0.02u> +0.97RV +0.38u - 0.1 1uRV -2.12 (5-4)

The circles in both graphs of Figure 40 show the results of applying this second order
polynomial to the set of known {#RI/}. It is clear from these graphs that the circles have a
relatvely good match with the error points especially in the cases where the error values are
less than 7dBo. When the value of error has a larger range (small RI” values and large »

values), the circles do not match all the error points. In some cases, the estimated value by the
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approximation function is too optimistic and in some cases, it is too pessimistic. Note that, the

one-bounce simulation results are generated assuming a reflection coefficient of 0.7 for the

ceiling and 0.5 for all the walls. Also, the radiation pattern of the source is assumed a first order
Lambertian pattem and the receiver is assumed to have a uniform 60° FOV. These are all
simplifying assumptions that can contribute to the in-accuracy of the curve fit model. Note
that the objective of this exercise is to find a method of enhancing the accuracy of the path
loss estimation for a rotating receiver and not predicting the exact value. If the exact value for

a given system is desired, simulation of the type described in Chapter 3 with 4 or more

bounces should be performed.

For each of the measured and simulated pair of path loss versus elevation angle curves, a

corresponding rado curve can be defined by:
Ratio(6) = PL,, (6)/ PL,(6)

where the values of PL(6) and PL,(8) are presented in a linear scale. It is clear that the
previously defined Er, and Err, values correspond to the two ends of this curve represented
in dBo scale. Figure 41 shows an example of a ratio curve for room B locaton bl,
direction (2). So far, the effort has been focused on estimating the two ends of the ratio curve,
ot Err values. The desired objective is to estimate the path loss for the entire set of elevation
angles ranging from 0° to 180°. In other words, it is desired to model the behavior of the ratio
curve as defined above. Having an appropriate model of this curve would lead to approprate
scaling of the simulated one-bounce path loss curve, PL(8) to result in a more accurate
representation of the curve PL_(6).

Note that, to model the curve Rario(6), only three points are available. Two points are the end
points of the curve at angles 0° and 180° as estimated by the function g The other known
point is the point where Ratio(6,,)=1. This middle point is simply stating that the path loss
estimate is approximately equal to the measured estimate for the elevation angle 8=6,_,. Noting
the results of the measurements and investigating the properties of the curve Ratio(6), the
following properties have been observed.

»  Ratio(6) monotonically increases as the elevation angle moves away from 6=6,_, .

v

Ratio(6) has only one minimum in the span of 8¢ [0° 180°).

\%

Ratio(6) does not have the same rate of increase on the left and nght hand side of 6=6__
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Figure 41. Ratio of the measured path loss to the simulated path loss for a rotating receiver

1s shown with dashed line. A 4® order curve fit to the ratio curve is also shown with a solid
line.

All these properties can be cleatly seen in Figure 41. Concluding from these observations, it
was found that the best fitting algorithm for this curve is to divide it into two sections,
Ratio,(6) and Ratio,(@) where Ratio,()=Ratio(6) for Be[0° 6] and Ratio,(6)=Ratio(6) for
B€ (6, 180°]. For each of the two, the curve that has a very good fit with a simple 4" order
funcdon of 6-6,,.

Therefore, the overall fit to the ratio curve can be written as:

Ratio(6) = Rf (6) = gf" B = 0)* (u(0) - (0 -6, )} +

5-5
Err, (3-3)

04

(Brax ~0)* {u(6-6_ ) -u(@-m)} +1

where #(6) is the step function,Err, and Err, are the values of the ratio curve at its ends and the

constant 1 is added to make sure that Rf6,.)=Ratio(6,.). It is easy to verify that R(6) satisfies

all the observed properties of the ratio curve as mentioned above.
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Applying this function as an approximation to the ratio curve provides a simple and effective
method of enhancing the accuracy of the one-bounce model results. Therefore, the proposed
method for estimating the variation of the path loss curve versus the receiver elevation angle
can be summarized as follows:

1. For the given room, transmitter and receiver configuration, apply the one-bounce model
as described in Chapter 3 to calculate the initial estimate of the path loss curve, PL(8) for
Be [0°,180°].

2. Find the two ratio values #, and «, as described by equation (5-3).

3. Find the distance of the receiver to the closest wall at the beginning (R1”)) and at the end
of the rotation (RV/)), i.e., when 8=0° and 6=180°.

4. Use equaton (5-4) to estimate the amount of path loss error at the two ends of the
rotadon path, Err, and Err,.

5. If Em>u, set En=1 atboth ends. This step is needed to make sure that the corrected curve
does not exceed the peak of PL,(6) curve.

6. Find the angle of minimum path loss 6, by following the procedure outlined in Section 4
of this chapter.

7. Apply equation (5-5) to approximate the ratio curve.

8. Multiply the ratio curve with PL(6) to find the enhanced path loss curve that is a better
match to PL_(6).
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Figure 42. The measured path loss for a rotating receiver, the one bounce simulated
curve and the corrected curve are shown in this figure. Note the increase in the

accuracy of the estimation by applying the correction algorithm.

Figure 42 shows the results of applying the correction algorithm for measurements performed
in room ], location j1. Each of the four graphs in this figure present the results of rotation
along one of the four major directions at location j1. In each graph, the dashed line represents
the measured value of the path loss change, PL, (8. The dash-dot line represents the estimated
path loss curve using the one-bounce model, PL,(6) and the results of applying the correction
algonithm on PL,(6) is shown with a solid line. Each graph also shows the measured values of
Erm, and Em, with stars (*). The estimated values of Er as a result of applying equation (5-4)
are shown with small circles (o). It is clear that the correction algorithm provides an effective

way of reducing the errors of the simplistic one-bounce model.
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Applying this correction algorithm to measurement data resulted in same kind of reduction in
the path loss error. Overall, considering the results of all measured sites, the average error in
the first and last 30° of rotation (where errors are much larger) was reduced from 3.2dBo to
less than 1dBo. The maximum error was reduced from 18dBo to less than 5dBo.

5.6 SUMMARY AND CONCLUSIONS

Infrared links are very sensitive to the direction of the transceivers, A set of measurements
have been designed and performed to investigate the effects of rotation on the characteristics
of the indoor infrared channel. The results of these measurements have been reported. A
piecewise linear model was developed to describe the general behavior of the channel transfer
function for a rotating receiver. The model reveals the rate of change as well as the continuity
propertes of the transfer function in different frequency bands.

The variations of the channel path loss are particularly important and useful. An algonthm was
developed to predict the angle of minimum path loss for a rotating receiver. Measurement
results have been used to show the validity of the proposed method.

Using the measurement results, it was shown that the vanations of the channel path loss are
smooth and a simple curve fiting algorithm can be used to accurately interpolate the
intermediate values. It was shown that for a receiver changing its elevation angle from 0° to
180°, five points along the entire path is sufficient to predict the variation of the channel path
loss for the entire rotation range.

Last section of this chapter provides an algorithm that can be used to estimate the variation of
the channel path loss of a rotating receiver by improving the accuracy of the results obtained
from the simulation algorithm. The results of the measurements have been used to define an
algorithm that can reduce the errors of the simplistic simulation method and provide a much

more reliable estimate for the path loss variation of a rotating receiver.
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CHAPTER SIX

6 RECEIVER DISPLACEMENT
e ————————————

6.1 INTRODUCTION

As it was discussed before, characteristics of the indoor infrared channel vary depending on
the physical properties of the receiver, transmitter and the environment in which they operate.
Simulation of the channel as discussed in Chapter 3, can provide an estimate of the channel
properties for a given configuration. However, the simulation suffers from a few drawbacks.
For accurate estimation of the important channel parameters such as path loss and delay
spread, five or more bounces need to be included (119]. This would exponentially increase the
time requirements of the simulation algorithm and make it impractical to run on ordinary
computers. Furthermore, the simulations can not accurately include all physical properties of
the environment such as furniture and office equipment.

For system level simulation of communication systems, the communication channel should be
represented as accurately as possible. In this section, the results of the measurements are used
to enhance the results of the channel simulation algorithm. It is shown that combining the
channel simulation results and the enhancements that are derived from the measurements
could provide more reliable channel estimation. Such a modeling work can be used to simulate

the performance of infrared communication systems more accurately.
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Transmitter Receiver

Figure 43. A diffused infrared transmitter illuminates the ceiling and the wide FOV

receiver collects the received optical power from the ceiling.

6.2 RECEIVER DISPLACEMENT

Figure 43 illustrates a room with an upward looking diffused infrared transmitter T and a wide
FOV infrared receiver R. The model described in Chapter 3 can be used to calculate the total
received optical power from the light rays that are reflected just once from the ceiling. Using
(3-5), the impulse response from the source T to a differential element M on the ceiling is

given by:
RO T M) = "2—';1cos" (9)dQ,, 6(t - (TM )/ ) (6-1)

where d€Qp,, is given by dQ,,, =cos(8)A,, (TM )*
Ay is the differential area on the ceiling that directly receives the optical power from the

source and has a distance of TM to the source T, In writing the above equation, it is assumed

that the differential element has a 90° FOV and a reflection coefficient p.
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The differential area acts as a Lambertian source of infrared radiation and the impulse

response from M to R can be written as:

h®(;M,R) = ”lcos(a)a'ﬂ,W rect(8/FOV,)6(t—(RM)/c) (6-2)
where dQ,,, is given by

dQ gy, =cos(8)A, /(RM)?
Apis the effective receiver area that has 2 FOV given by FO1/;. Based on the measurement of
the reflectivity of typical office surfaces, it can be assumed that these reflect the light as a first

order Lambertian source.
Convolving the above two impulse responses and integrating over the ceiling area results in the

impulse response of the channel from source T to receiver R using the rays that are reflected

just once.
" (t;8,R) =
2 n 6-3
s [i;sM @ ’“{p:v )a[x-‘Rg’ ’JJ@[C(‘;SM(;’%(:-‘TQ’ ))}m“( !
ceiling R

This integral can be numerically calculated and it provides a first order estimate of the channel
transfer function between the source and the receiver. If there is a direct line of sight path
between the two, the channel impulse response should include 2 LOS component as well.
However, in diffuse configurations such as the one depicted in Figure 43, the LOS component
usually doesn’t exist or its energy is negligible due to the limited receiver FOV and Lamberdan
radiation pattern of the source.

If the channel path loss or alternatively the total received optical power is required, the above
integral could be simplified to provide a closed form expression. The temporal dispersion of
the received power that is represented by delta functions in the above expression can be
removed by integrating it over time. This would yield the sum of all the ume-dispersed
received optical energy which is identical to the received optical power. It could also be
assumed that all the ceiling area is within the receiver FOV. This may not be a realistic
assumption for some narrow FOV receivers. However, single branch receivers are usually
designed to have a wide FOV and this implies that the ceiling is within their FOV. As an
example, a receiver at a height 1m with 70° FOV placed in a room of height 3m receives the

116



reflected light from an area on the ceiling with a diameter of around 11m. That covers the
ceiling of most typical office environments. This assumption would simplify the expression for
the boundaries of the integral. Using these assumptions, the total received optical power at the

recetver for 1 W of transmitted optical power can be written as:

_T ) _ PA(n+1) cos?(8)cos™ (¢)
Fopan 1.0 = JHOGT Rodt = 2 Ihj, @0y o &Y

Note that, the value of P can also be interpreted as the inverse of the channel path loss in
linear scale. On dBo scale,

PL(T,R) (opticaldB)=~10log,, P(T,R)

Without loss of genenality, T could be assumed to be at {0,0,0} coordinates. Let
R:{xp yp, x}specify the receiver coordinate and M: {x. 5, 2u}specify the coordinate of the
differendal reflecting element on the ceiling. Defining H, as the distance between the source
and the ceiling and H, as the distance between receiver and the ceiling, It follows that:

T™™®=x+y*+H}
RM? =(x°xk)2+(y‘)'n)2+ﬁrz

COS( ) = L
V=

cos(8) = —H’—
(RM

If the source is a first order Lambertian soutce, the integral simplifies to:

B g (=3 +(y =y +H) (A + +H?)

AHIH? dxdy
Pugous (T R) = B2 [ - (6-5)
It is instructive to solve this integral for a case where the ceiling is extended to infinity and the
transceivers are at the same height (2,=0). This provides a simple formula that relates the

normalized received optical power to the location of the transceivers. The expression is then

simplified to
PAZy, dxdy
Pifused (T, R) = —EM
et r* ﬂ ((x=x) +(y=yo)* + 2, ")’ (x* + y? +2,°)?
Noting that,
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1
((x_xk)z_’_(y_yk)z+ZM2)2(x2+y2+z“2)z =
A B
2 2 T2 T 2 2 2,2
(x=xg) +(y=yp) 42, (P +y'+2,7%)

where
—n_ I
A=B= 3 ) 2 2 .2
Zy +(Xz +yz+2;)
and using the idendty
o ar=ty
- (x2+y2+H2)2 H?

it follows that

2pA 2} 2pA H?
Pigised (T R) = ’;,R 3 2‘L’T 2.2 £ 3 3 N2
Iy t(xz +yp+2,) T H +(r°+H®)

(6-6)

where H is the vertical separation of the source (receiver) and the ceiling and ris the horizontal
separation between the source and the receiver. This shows that the received optical power
from the first bounce decreases as the distance between the transmitter and receiver increases.
The rate of decrease is proportional to the 4* order of the source-receiver distance, . Note
that the first bounce light rays carry most and not all the received optical energy to the
receiver. Therefore, this provides a pessimistic estimate of the received optical power.

Another important conclusion that is made from equaton (6-6) is the importance of the
distant to the ceiling for the diffuse configuration. The received optical power is almost
proportional to 1/H" and thetefore, as the ceiling height increases, the received optical power
decreases. This shows that the effective range of communication using a diffuse configuration
rapidly decreases as the ceiling height increases. Therefore, this configuradon may not be
appropuate for places with high ceilings such as theaters and shopping malls.

The analysis of the received optical power for a LOS case is very similar to what was
presented. Assuming the source is at a location M on the ceiling, the impulse response formula
is given by equation (6-5) and the total received power is:

+a0

P,s(T,R) = jh“” (t:;T,R)dr =ﬁ—H2—
T (H®+r%)?
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where H is the vertical separation of the source and receiver and r is their horizontal
separation. The received power is inversely proportional to the #* as in the diffuse case. It
should be noted that the rapid decrease of the received power for LOS configuration is an
artifact of using a sub-optimal Lambertian radiation pattern. An optimally designed source
power distribution would yield a uniform distribution of the received power [12]. However,

the optimal radiation pattern is room-dependent and almost impractical to implement.

6.3 MEASUREMENT PROCEDURE AND RESULTS

Measurements have been performed to study the varation of channel properties when the
receiver is moved to different parts of a given room. The measurements are performed using
the setup that was descrbed in Chapter 3 using the following procedure. The infrared
transmitter is located at the center of the room and the infrared receiver is located at the
corner of the room at {x, y, z}. The channel transfer function is recorded and then the receiver
is moved to {x+4, y, 2} and the measurement is performed again. Moving the receiver in one
direction in steps of A continues until it reaches the end of the room and then the receiver is

moved back to {x, y+d4, 7} for the next measurement. The procedure continues undl all

locations of the room on a grid pattemn specified by {x+md, y+nd, g} are covered. The
varation of the received optical power as well as the channel delay spread can then be related
to the location of the receiver and its distance to the source, ceiling and walls. These
measurements were performed in rooms B, F and L. In each room, the LOS as well as the

diffused configurations were studied.
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Figure 44. Top view of rooms B (CBY E016), F (CBY B202) and L (CBY LM305)

used for measurement of the effects of receiver displacement on indoor infrared

channel. The receiver is moved on the shown gnd patterns and for each location,
the channel transfer function for both LOS and diffuse configurations are

recorded.
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Figure 44 shows the location of transmitter as well as the gnd pattern covered in each room by
the recetver. All rooms are in the Colonel By building at the main campus of the University of
Ottawa. Room B is a square shaped classroom of size 6m X 6.3m with 4 rows of chairs, 8
chairs per row. Walls are rough concrete type with yellowish color. Ceiling is flat with the same
color. Green board extends over the entire width of the class. There are 12 flourescent lamps
with transparent plastic covers on the ceiling each is 1.2m X 0.3m. In the diffuse measurements
where the ceiling is illuminated by the infrared radiation, little energy is reflected from these
covers and most of the received energy passes through the covers and is absorbed. Room F is
a moderate size classroom of size 9m X 6m with 7 rows of chairs and desks, and has enough
capacity for 50 students. The wall to the left of entrance has a rough surface with yellowish
color. Other walls have smooth surface but different colors. The east wall (aght wall in figure)
is white. The upper half of the west wall is white and the lower half is green. The north wall is
covered by green board in half. The bottom part of the wall is white. Room L is an empty
small office of size 3m X 6m with the same type of ceiling as in room B. The walls have a
rough surface and are colored in light green. There are no furniture or office supplies inside
this room.

The results of these measurements are in Figure 45, Figure 46 and Figure 47. In room L, the
smallest of the three rooms, the average received optical power is 57 dBo and 90% of the
room area receives more than —61.5 dBo of optical energy. In room B that is larger than room
L, the average received optical power decreases to around —58.5 dBo and the 90 percentle of
the power is reduced to —62.4 dBo. This is around 2 dBo lower than the values in room L. For
room F, the average received optical power drops even lower to ~60.4 dBo and the 90*
precendle coverage reduces to —62.4 dBo. These results clearly indicate that the average
received optcal power decreases as the room size increases. In all rooms, the peak of the
received optical energy is around ~52 dBo and that is when the receiver and the transmitter are

very close to each other. As the receiver moves towards the corner of the room, received

power drops.
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Figure 45. The received optical power and the channel delay spread for room L are
shown in these graphs. The two top plots show the spatial distribution of these
parameters. The bottom two graphs show the cumulative distribution function
(CDF) of the received power and the delay spread parameters as well as their
average, standard deviation and 10%(90") percentile.

The average channel delay spread for room L, as depicted in Figure 45 is around 6.1 ns with
10% of the area having a delay spread larger than 9ns. For room B, (Figure 46) the average
increases to around 7.4 ns and the 10* percentile of the delay increases to 10 ns. In Room F,
which is larger than the other two rooms, average of the delay spread is around 8.2 ns and the
10" percentile coverage of the room is 12.5 ns.
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Figure 46. The received optical power and the channel delay spread for room B are
shown in these graphs. The two top plots show the spatial distribution of these
parameters. The bottom two graphs show the cumulative distribution function
(CDF) of the received power and the delay spread parameters as well as their

average, standard deviation and 10*(90") percentile.

It is evident that as the room size increases, the average delay spread of the infrared channel
increases and the percentage of the areas that have less than a given delay spread decreases.
Also, as shown on the graphs, as these receiver moves away from the source, the delay spread

increases.
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Figure 47. The received optical power and the channel delay spread for room F are
shown in these graphs. The two top plots show the spatial distribution of these
parameters. The bottom two graphs show the cumulative distribution functon
(CDF) of the received power and the delay spread parameters as well as their

average, standard deviation and 10*(90*) percentile.

6.4 ENHANCING THE SIMULATION RESULTS

In Section 2 of this chapter, equations that describe the channel impulse response using a
simplified one-bounce model are presented. In this section, the objective is to show that the
results of these simplified equations can be adjusted using the data that are derived from the

measurements.
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Figure 48. The graph shows the variation of the channel path loss versus the distance
between the infrared source and the infrared receiver in room F as described by the

simplified one bounce model. Measurement results as well as corrected simuladon results

are also shown.

Figure 48 shows the variation of the channel path loss versus the distance between the infrared
source and the infrared receiver as described by the simplified one bounce model. The points
in the graph marked by (X) show the results of the path loss as predicted by equation (6-5)
assuming a ceiling reflection coefficient of 0.7. Measurement results for the channel path loss
obtained in room F are also shown using circles (o) on the graph. It is clear that the simplified
model overestimates channel path loss. The amount of error in calculation of the path loss is
around 2.5dBo when receiver is far from the transmitter. This error decreases to less than
1dBo when the distance between the infrared source and the infrared receiver is berween 2 and
3 meters. The model overestimates the path loss because a considerable part of the transmitted
energy arrives at the receiver after undergoing two or more reflections and this is not included
in the simplified model. As it was demonstrated in Chapter 3, accurate ray tracing for these
rays is computationally intensive and almost impractical for 4 or more bounces. Note that,

walls act as a source of reflected infrared energy that are not considered in the simplified
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Figure 49. Top view of an infrared source and receiver in a given room.

model described by equation (6-5). Thetefore, for correcting the results of the simulation, the

distance of the receiver to the wall must be included.

6.5 ENHANCING THE ACCURACY OF THE
SIMULATION RESULTS

Figure 49 shows the top view of an infrared source and an infrared receiver in a given room.
TR is the distance between the source and the receiver. RN is the distance between the
receiver and the closest wall. Let’s define r = TR and w = RN. Investigating the reladon
between the error in path loss estimation and the coordinates of the receiver in the room
reveals a close relationship between the error value and the two parameters 7 and » for each
point. It has been found that the error can be well approximated by a second order function of
r and w. Therefore,

PL, (r,w)=PL_ (r,w)-PL (r,w)

PL.(r,w)= fp(r,w)=ar® +a,w’ +a,r +a,w+agrw+a,

where PL, is the difference between the measured path loss PL, and the simulated path loss
PL, all represented in optical dB (dBo). An optimization algorithm is used to find the second

order approximaton function. For all the points in a given room, the values of PL_ are
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JAvg PathLou(dBo) Mc.Patthu (dBo):fAvg. Pndeou (dBo). Max. Path Loss (dBo)
Room L 21 0.6 2.2
Room B 1.2 0.4 1.1
Room F 1.2 0.4 1.0

Table 4. The simulation results can be enhanced by applying a correction factor that
is denived from the measurements. This table shows the average and the maximum
path loss error with and without correction. A considerable increase in the accuracy
of the results is noticeable when the left two columns are compared against the

right two columns.

calculated and used as input for the optimization algorithm. As it was mentioned before, a
Nelder-Mead type simplex search method can be used to find the desired set of coefficient
values. In this case, the objective is to find the set of {a;, a; a;, ay, as, as} that minimizes the

PL, (r,w)= fo (r,w) for the set of all {rw,PL.;}. Knowing the coefficients of the

polynomial, it can be used to correct the path loss simulation derived from the single-bounce
method. For any given transmitter and receiver configuration, knowing the value of r and w,
the correction factor can be evaluated. Adding the correction factor to the esamated path loss
from the simplified method generates a very accurate path loss estimate. Combining the
displacement measurement results for rooms B, F and L, the function that minimizes the

estimated error is found to be:

fo(r,w)=047r* +1.43w* < 2.7r +1.4w—-0.5rw + 4.1 (6-7)

Figure 48 shows the results of applying the above function to the simulation results for room
F. The average difference between the simulation result and the measurement results 1s
reduced from 1.3 dBo to 0.4 dBo and the maximum difference is reduced from 2.1 dBo to 0.9
dBo. In other words, the average error is reduced in half and the maximum error is reduced by
almost 60%. Similar increase of accuracy in estimating the path loss is found when the
correction described by equation (6-7) is applied to the simulation results in room B and room
L. A summary of the improvements in the path loss estimation for all displacement

measurement sites is presented in Table 4.
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Figure 50. The initial estimate, corrected estimate and measured value of the channel delay

spread for room F are shown in this graph. Note the enhancement in the accuracy of the

estimates by applying the correction factor.

The same process can be applied to the calculations of the channel delay spread. The equation
(6-3) can be used to approximate the delay spread for any given point inside the room. Since
this equation considers only the rays that are reflected once, the resulting channel impulse
response has a very small delay spread value. The channel delay spread increases considerably
because of the rays that are received after two or more bounces to the receiver. Using the one-
bounce simulation results as the basis and comparing the results against the measurement
results, a correction factor can be found that corrects the value of the delay spread as
calculated by equation (6-3). It has been found that the same parameters, i.e. distance between
source and receiver (r) and distance between receiver and closest wall (#) can be used to form a
second order correcting polynomial to correct the results of the simulation. Define
D,,.(r,w)as the ratio between the measured channel delay spread and the simulated value at a
given point:

D, (r,w)y=D_(r,w)/ D (r,w)

128



The objective is to find a polynomial that closely matches the value of D, (r,w) for all the

measured points.

D, (r.w)= fy(r,w)=br*+bw’ +byr +bw+bgrw + b,

The same procedure that was used to find the second order polynomial in the cases of path
loss correction can be used here. The minimization algorithm receives the set of all

{rw D, (r,w)} for the three measurement sites. Using these inputs, the algorithm finds the
set of {by, b, bs, by, bs, bg} that minimizes the distance between the desired polynomial and

the error ratio for each point, i.e. D, _(r,w) - So(r,w).

Applying this algorithm and using the results of receiver displacement measurements
performed in rooms B, F and L, the following correcting polynomial is found:

folr,w)=-0.02r* —0.46w* +1.36r + 2.86w - 0.82rw+ 2.61 (6-8)

Figure 50 shows the initial estimate of the channel delay spread as well as the corrected values
of the channel delay spread when the correction factor given by the equation is applied. It is
clear that without applying the correction factor, the value of the channel delay spread can not
be realistically used for system simulation purposes. However, after applying the correction
factor the estimated results are very close to the measured results. In the case of room F, the
average channel delay spread from the one-bounce model is around 1.27 ns while the average
of the measured delay spread is 8.1 ns. By applying the correction polynomial to the results of
the one-bounce model, the average is raised to 8.4 ns. The average difference between the
one-bounce model and the measured values is 6.9 ns while the average difference between the
corrected values and the measurement results is less than 0.8 ns.

Table 5 shows a summary of the enhancement results for the three measurement sites, room
L, B and F. It is seen that the results show considerable improvements in the accuracy of the

estimated channel delay spread when the correction factor is applied.
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Table 5. The simulation results can be enhanced by applying a correction factor that
is derived from the measurements. This table shows the average and the maximum
path loss error with and without correction. A considerable increase in the accuracy

of the results is noticeable when the left two columns are compared against the

rght two columns.

6.6 RELATION OF PATH LOSS AND DELAY SPREAD
FOR RECEIVER DISPLACEMENT

As the receiver changes its position or direction in a given room, the received optical power
and the channel delay spread vary. However, the relation between these two channel
parameters depends on the type of receiver displacement. In this section, the relatonship
between the channel path loss and the channel delay spread for receiver displacement is
studied. The displacement of the receiver is as described in Section 3 of this chapter, ie.
moving the receiver to cover a grid pattemn in a given room.

Figure 51 shows the measurement results for the path loss as well as the channel delay spread
for the rooms L, B and F. It is clear that the two parameters are strongly correlated when the
receiver moves in a grid pattern. Based on this graph, a second order fit seems to be a good
approximation that relates the channel delay spread to the path loss. Applying a minimum
mean square error algorithm to fit a second order curve to the measured values for these three

rooms results in:

0 =0.0535PL* —5.79PL +169.3 (6-9)
where O is the channel delay spread and PL is the channel path loss in dBo.
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Figure 51. The relationship between the channel path loss and the channel delay spread
when the receiver is moved in a grid pattern is shown in this graph. It is clear that a second

order curve fit would provide a good approximation for the relationship between these two

parameters.

As it can be seen in Figure 51, the curve fit provides a good approximation for the relationship
between these two parameters when the path loss is smaller than 60dBo. For diffused
configuration, this translates into a distance of about 2.5m between source and receiver in a
typical office (see Figure 48). For path loss values above 60dBo, the approximation does not
provide accurate estimate for the delay spread as it can be seen in the graph. As an example,
for a path loss of 63dBo, the measured delay spread value ranges between 8.5ns to 13ns while
the curve fit predicts a value of 10ns. This approximation could prove useful for some
applications. However, in general, the correction method described in the previous section
provides a more accurate approximation for the channel delay spread. The simple relationship
described by equation (6-9) can provide an easy method for estimating the channel delay

spread when the path loss is known and the receiver is close to the source.
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6.7 SUMMARY AND CONCLUSIONS

In this chapter, a simplified one-bounce model was developed to predict the channel path loss
and the channel delay spread. A closed form expression for the channel path loss was also
derived to describe the variation of the channel path loss vs. the source to receiver distance .
A set of measurements were performed to investigate the effects of receiver displacement on
the characteristics of the indoor infrared channel.

The measurement procedure and its results were reported. The results were then used to find
correcuon factors that can be used to enhance the accuracy of the simplistic simulation
method. It was shown that using the correction factors, the channel path loss as well as the
channel delay spread could be accurately predicted. This method generalizes the measurement
results and provides an effective estimation tool that can generate accurate path loss and delay
spread values for different physical configurations. For a new room or transceiver location,
one would simply apply the one-bounce model that was developed in Section 2 to find an
initia] estimate for the channel path loss and the channel delay spread. The correction factors
described by equations (6-7) and (6-8) can then be used to accurately predict the channel path
loss and the channel delay spread.

Finally, it was shown that based on the measurement results, the displacement of the receiver
in a grid pattern produces a set of channel delay spread values that is closely related to the
channel path loss values. The relationship can be approximated by a second order curve fit
that provides a good estimation of the channel delay spread when the distance between source

and receiver is less than 3 m in a typical office environment.
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CHAPTER SEVEN

7 EFFFECTS OF SHADOWING ON INFRARED

CHANNELS
e ——————————

7.1 INTRODUCTION

These measurements were performed to assess the change of the characteristics of the infrared
channels due to shadowing. Infrared light, being very close to visible light in its propagation
propertes, is subject to shadowing. An infrared source or receiver could be totally blocked by
a non-transparent object. Therefore, a worst case for shadowing means no transmission at all.
It is desired to observe the effects of moving people around an unobstructed infrared
communication system and see how this would affect the channel properties.

In practce, the channel can be subject to short time shadowing of the source or receiver. A
propetly designed infrared communicatons system should tolerate the shadowing by
transmitting at lower bit rates or stopping the transmission temporanly. It should be able to
hold its state in case of severe shadowing and continue operation after the communication
path is free of shadowing again.

Another factor that should be considered in the design of indoor infrared communications
systems is that the time duration of shadowing is orders of magnitude larger than the bit or
symbol duration. Therefore, it is considered a very long term effect and its effects are not
expected to vary the channel on a symbol by symbol basis (assuming bit rates above 1 Mbps).

Many factors affect shadowing. Some of the important factors are:
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> height of the receiver

» distance between the source and the receiver

» distance of the shadowing object from the receiver

A human body causes the most common type of path obstruction in a regular office
environment. Therefore, the study is focused on the effect of shadowing by a person who is
called “shadower” on the infrared receiver. Shadowing is more severe when the shadower
moves on the line connecting the source and the receiver. This is well described by noting the

similarity between the shadowing of the visible light and infrared light.

7.2 MEASUREMENT SETUP

In our measurements, each of the above parameters is changed and the channel tansfer
function was measured. The shadower is a person with a height of 170 cm and weight of 86 kg
that moves on the line between the source and the receiver and stands at distances of 25cm,
50cm, 75cm and 100cm from the receiver. For each of these points, the height of the receiver
was changed from 60cm to 120cm in steps of 20cm. Therefore, measurement results are
recorded for 4 different heights of 60cm, 80cm, 100cm and 120cm. In addition, a reference set
with no shadowing was recorded for each of the above conditions. This would be used to
judge the relative shadowing effects. The above set of measurements were repeated for the
source-receiver distances of 150cm, 250cm, 350cm and 450cm to result in 5x4x4=80 sets of
tansfer funcdons. This set of measurements is performed for both LOS and diffuse
configurations. The measurements were performed in two different rooms in Colonel By Hall
(CBY), University of Ottawa, resulting in 160x2=320 transfer functions.

The first set, named room G set, were performed in a conference room of size
6.0 mX7.8 mx2.3 m. This is a relatively small lounge adjacent to a large conference room.
Removable grey colored full-height partitions at the rght side of the room build a wall that
separate this lounge from the adjacent conference room. There are 12 comfortable chairs
around a coffee table in the lounge. The floor is covered with blue color carpet and the
windows that are shown in top and right wall of the figure cover half the wall height. During
measurements, windows were covered with shades of grey color. The ceiling of the room is a
white flat plane with places for lamps and air conditioning inlets. The second set of data,

named “room H” measurements, were collected in the auditorium of the same building. The
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Figure 52. Three important parameters that determine the shadowing effect for the
infrared channel are shown in this figure. These parameters have been changed and

their effects on the channel characteristics have been have been studied.

auditorium has an almost rectangular shape, but the ceiling height increases from the entrance
to the stage. The ceiling surface is edgy and it contains ventiladon windows, speakers, local
illumination lamps and similar objects typical to auditoriums. The walls are made of brown
brick and the ceiling is a dark brown rough surface. Figure 53 shows the locaton of source,
receiver and shadower in these measurements. Note that in room H, the first position of the
receiver starts at a 2m distance from the receiver (instead of 1.5 m in room G). The rest of the
set-up is the same for both rooms.

As before, each transfer function is recorded as 128 complex points in frequency ranging from
dc to 400 MHz. The results were normalized to compensate for the transmitter and receiver
filtering. The time domain characteristics of the channel, e.g., the channel delay spread were
extracted by converting the transfer function to its corresponding impulse response.
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Figure 53. The above two pictures show the measurement room for shadowing
experiments. Receiver was placed at positions indicated by small circles (4 positions in each
room). For each receiver position, the shadower stood at positions indicated by bars (4
shadowing positions and one measurement without shadowing). For each of these pair of
receiver-shadower positions, 4 different H(f )’s were recorded that corresponded to 4

different receiver heights of 60, 80, 100 and 120 centimeters.
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7.3 MEASUREMENT RESULTS AND OBSERVATIONS

As before, the channel path loss and the channel delay spread are the two channel properties
that are extracted from the results. Figure 54 to Figure 57 show the results for the path loss
due to changes in the shadowing parameters. The path loss values are normalized by
subtracting the value of the PL,. from the results. PL,._. is the path loss for a case in which
the receiver is closest to the source and there is no shadowing. For example in room G, PL, ..
is the path loss for the case where the receiver to source distance is 1.5 m, receiver is at a
height of 60 cm and there is no shadowing. This is the lowest recorded path loss for a given
room and transmission configuration.

The results after normalization clearly show the effects of shadowing, source to receiver
distance and receiver height on the channel path loss. In these figures, each plot corresponds
to a certain receiver to transmitter distance as specified in the plot label. For example, the top
left plot corresponds to the case where this distance is 1.5 m. In each plot, there are four sets
of lines specified by different markers. These lines correspond to different heights of the
receiver for that particular measurement. The legend of graph that specifies the receiver height
is (*) 60 cm, (o) 80 cm, (X) 100 cm, (+) 120 cm. The vertical axis is the normalized path loss,
which is the added path loss due to shadowing, moving the receiver away from the source and
changing the receiver height. Horizontal axis shows the shadower distance to the receiver. To
show the ‘un-shadowed’ case on the same graphs, they are included on the right edge of the
graphs. Therefore, marks on the right vertical axis represent the normalized un-shadowed path
loss results. These results are also numerically tabulated and presented in Table 7.

7.4 OBSERVATIONS ON THE PATH LOSS RESULTS

-

» Path loss increases as the shadower moves towards the receiver.

# Shadowing has a stronger impact on the path loss when the receiver and transmitter are
close to each other. As the distance between source and receiver increases, the effect of
shadowing in increasing the path loss is less important. For example, considering room G,
diffuse set results, it is seen that the path loss increase due to shadowing is between 3.8 to
7 dBo when the source and receiver are at a distance of 1.5 m (lines marked by *). In the

same room and under the same conditions, when the distance between source and receiver
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is 45m, the shadowing effect increases the path loss between 2.5 to 3 dBo. Same
observation is valid for the room H results.

Shadowing has a stronger impact on the path loss when the receiver is closer to the
ground. As the receiver height is changed from 60cm to 120cm, the shadowing effect
becomes less important. The graphs show that when the receiver height is 120 cm, the
path loss change due to shadowing is smaller than the case where the receiver height is
60 cm. This is seen in the graphs by comparing the lines marked by (+) (receiver
height=120 cm) with the lines marked by (*) (receiver height=60 cm). As an example, in
room H, diffuse set results, the maximum change of path loss due to shadowing for a
receiver at height 120 cm is around 6 dBo. In the same room, the variations of up to 9 dBo

due to shadowing is observed for a receiver at height 60 cm.
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Figure 54. Normalized path loss in room G using the diffuse configuration. Each
plot corresponds to a different distance between the receiver and the transmitter as

specified in the plot titles. Inside each plot, there are four sets of lines that

correspond to the receiver height for each measurement. (I(*) 60 cm, (o) 80 cm, (x)
100 cm, (+) 120cm])
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Figure 55. Normalized path loss in room G using the LOS configuration. Each plot
corresponds to a different distance between the receiver and the transmitter as

specified in the plot dtles. Inside each plot, there are four sets of lines that

correspond to the receiver height for each measurement. (I*) 60 cm, (o) 80 em, (x)

100 cm, (+) 120cm])
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Figure 56. Normalized path loss in room H using the diffuse configuraton. Each
plot corresponds to a different distance between the receiver and the transmitter as
specified in the plot titles. Inside each plot, there are four sets of lines that
correspond to the receiver height for each measurement. ([(*) 60 cm, (o) 80 cm, (X)

100 cm, (+) 120cm]).
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Figure 57. Normalized path loss in room H using the LOS configuration. Each plot
corresponds to a different distance between the receiver and the transmitter as specified in

the plot dtles. Inside each plot, there are four sets of lines that correspond to the receiver

height for each measurement. ([(*) 60 cm, (0) 80 cm, (x) 100 cm, (+) 120cm]).

For LOS configuration, shadowing is an abrupt process. Path loss changes drastically as the
shadow drops on the receiver. However, for a diffuse system, the path loss due to shadowing
increases monotonically as the shadower gets closer to the receiver. Abrupt changes in path
loss are not observed in the diffuse results. For example, considering results obtained in room
G, itis seen that the path loss changes about 8 dB when the shadower comes 25 cm closer to
the receiver in the LOS case (line marked by *). Under the same conditions, the drop in the
path loss is less than 1 dBo for the diffuse configuration. In fact, there is not a single case in
the diffuse shadowing measurements where the drop of power due to shadowing is higher
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than 3 dBo when the shadower changes its position by 25cm. This reduced susceptibility to

shadowing is the most important advantage of the diffuse configuration over the LOS

configuration.

» Transmission is less susceptible to shadowing when receiver is high above the ground and
far away from the source. When the receiver height is 120cm, maximum change in the
path loss due to shadowing is 1 dBo for diffuse and 0.6 dBo for LOS. This is when the
shadower is at a distance of 25cm to the receiver and the result is compared against the

same configuration with no shadowing,.

v

Worst susceptibility to shadowing happens when receiver is close to the ground and the
source. When the source to receiver distance is 1.5m and the receiver height is 60cm, the
maximum change in the path loss due to shadowing is 7 dBo for diffuse and 16 dBo for
the LOS case. This is when the shadower is at a distance of 25cm from the receiver and
the result is compared against the same configuration in the absence of shadowing.

7.5 RELATION BETWEEN THE CHANNEL PATH LOSS
AND THE CHANNEL DELAY SPREAD

The delay spread of the measured channels has also been calculated. The results show that the
channel delay spread values are strongly correlated with the path loss values. The graphs in
Figure 58 show the path loss versus delay spread graphs. When the delay spread is represented
on a log scale, it shows 2 linear correlation with the path loss. This is very similar to the results
obtained previously which showed a strong correlation between these two parameters when
the receiver rotates. Parameters for the numerical fit are shown on each graph and are
summarized in Table 6. These parameters show the numerical value for a regression line that
relates the power and the delay spread by:

PL =0 log,,(0)+pB
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where PL is the path loss and &'s the delay spread. The following observations are made from
these graphs.

7.6 OBSERVATIONS ON THE DELAY SPREAD RESULTS

For the diffuse configuration, the variation of delay spread vs. path loss is smooth. As power
drops, the delay spread increases and the strong correlation is seen between the delay spread
and the path loss. The top two graphs in Figure 58 show the results for the diffuse
configuration. It is clearly seen that the distribution of points is continuous across the
regression line.

# For LOS configurations, there are two regions on the graphs. One region with very small
values for the delay spread corresponding to no-shadowing and another region with results
corresponding to shadowing which include large values for the delay spread. The linear
relationship between the two variables on the log scale is clearly seen on the graph.

» In LOS, the values of the delay spread have a higher dynamic range. When the path
between the transmitter (spot on the ceiling) and the receiver is not blocked, the delay

spread is very low and when it is blocked, the delay spread is very high.

— sy —
Room G| 206 9233
RoomH |119 605 |33 |9126 193 605 1256 T 555

Table 6. Linear regression between the channel delay spread and the channel path
loss are shown here. The value of correlation coefficient (Xcorr) is close to 1 in all
cases showing a strong correlation between the two parameters regardless of the

room or configuration of the transceivers.
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Figure 58. Graphs show the correlation between the channel path loss and its delay
spread for various shadowing conditions. A linear fic with its parameters is also
included on each graph. It can be seen from the correlation coefficients that the

two variables are strongly correlated.

7.7 SUMMARY AND CONCLUSIONS

Measurements have been performed to investigate the effects of shadowing on the
charactedstics of the indoor infrared channel Shadowing reduces the received optical power
and increases the channel delay spread. Some of the important parameters that specify the
impact of shadowing on the characteristics of the channel were included in the measurement
plans. Therefore, the performed measurements include different scenarios to nvestigate the
effects of receiver height, receiver to shadower distance, receiver to source distance and the

configuration type (LOS vs. diffuse) on the shadowing. The variation of channel path loss due
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to shadowing and due to these parameters was studied and detailed result presented. It was
shown that the channel path loss can increase by up to 8 dBo in the worst case shadowing
scenarios in diffuse configuration. That is when the source and receiver are very close, the
receiver is very close to the ground and the shadower is 25 cm away from the receiver. For the
LOS configuraton, the shadowing has a much more important effect and can increase the
channel path loss by more than 16 dBo as it was presented in the results.

It was shown that the shadowing increases the channel delay spread. For the measured
shadowing results, the channel path loss and the channel delay spread are correlated and their
relationship can be expressed by PL =at log,,(0)+B.
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Table 7. These tables show all the recorded path loss results for the shadowing
measurements. D1 represents the distance between the source and the receiver, D2
represents the height of the receiver and D3 represents the distance between
shadower and the receiver in meters. When there is no shadowing, the path loss is
measured and reported in dBo in the row that cotresponds to D3=co, The entries
in the rows with D3=1.0, 0.75, 0.5 and 0.25 show the increased path loss due to
shadowing as compared to the no-shadower path loss reported in the
corresponding column. Each table corresponds to a specific room/ physical
configuration as specified in the third row of the table. These same results can be
graphically viewed in Figure 54 to Figure 57.
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CHAPTER EIGHT

8 HOLOGRAPHIC DIFFUSERS FOR INDOOR

INFRARED COMMUNICATION SYSTEMS
e

8.1 INTRODUCTION

The potential data rate for the infrared system is more limited by the available power budget
rather than by dispersion. Therefore, a major challenge in an indoor environment is to
distrbute the received optical power as uniformly as possible in a given area and at the same
time to provide as much tolerance to the shadowing as possible. There are safety standards
limiting the maximum allowable transmitted optical power from a laser source. The use of
diffusers is very important in meeting the standard limits since a diffuser distorts the
directionality of the laser beam and allows for higher transmission power from the laser
without causing side effects for the eye. Efficient use of the transmitted laser power and eye
safety related issues would also require the use of diffusers. Diffusers can also shape the
infrared radiation pattern. Optimization of radiation pattem for an indoor infrared transmitter
has been reported in [12][87).

Commercially available glass diffusers have fixed scattering patterns and do not provide
flexibility. Diffusers fabricated by holographic techniques can be tailored to have the desired
scattering patterns. Holographic diffusers have been reported for homogenizing the radiation
patterns for other applications [104]. Holographic light shaping diffusers are also commercially
available for different purposes [65]. A major advantage of holographic diffuser is in its higher
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achievable transmittance compared to the glass diffusers. Other potental advantages in using
holographic diffusers are:

»  Capability to tailor the light shaping patterns to our specifications.

» Light weight and compactness.

» Potential of inexpensive reproduction.

Considering the eye safety issue, a holographic diffuser can have the same radiation pattern as
a glass diffuser if the proper diffusing pattem is supenimposed on the hologram. In other
words, a holographic diffuser can have the same advantages offered by a glass diffuser for eye
safety with proper steps taken during its design and fabricaton process. Off-the-shelf
diffusers, however, do not provide proper scattering patterns for infrared wireless
communications applications. One possible solution is to employ computer generated
holograms where the incident laser light is split into a number of beams with overlapping
diffraction pattems in the far field [74].

This chapter reports on the use of holographic diffusers with a three-dimensional multiple-
lobe scattering pattern for shaping the infrared source radiation for wireless infrared
communications. a multiple-exposure holographic technique has been employed by Dr. Eli
Simova, 2 research associate of BCRL at the University Of Ottawa to fabricate the diffusers.
The holographic recording geometry provides control over the angular and dispersion
characteristics of the diffuser. A set of measurements has been conducted to investigate the
relagve performance of the proposed holographic diffuser with an opal glass diffuser. Optcal
path loss and its distrbution for different choices of diffusers are of particular importance and
have been studied in this exercise. The results show noticeable improvements in the
distribution of optical power in a given area and more tolerance to shadowing by usihg the
holographic diffuser. In the following sections, The holographic diffuser and its design and
implementation procedure is brefly explained. Then, the measurement objectives and
procedure is described. Finally, the results of the measurements and the conclusions made

from this exercise will end the chapter.
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8.2 HOLOGRAPHIC MULTIPLE-LOBE DIFFUSER

8.2.1 Concept

For fabrication of multiple-lobe holographic diffusers, a modified multiple-exposure technique
based on Bragg degeneracy effect is employed [110]. For a square room, a scattering pattemn
with multple-lobes provides a relatively uniform distribution, as shown by computer
simulations in [87). Therefore, four- and six-lobe diffusers were fabricated, although the
concept can be applied to a larger number of lobes.

For a holographic diffuser with an N-lobe pattem, N/2 symmetrical transmission holographic
gratngs of equal period are multiplexed onto the photosensitive recording medium [111].
Each of the gratings to be multiplexed must be in the volume regime of diffraction for the
operation wavelength, ie., exhibit only one diffraction order and all the diffracted light is
concentrated in the first diffraction order. For that, the relation Q=2nAd/ nA 210 must
hold, where 4 is the thickness of the recording film, 7 is the refractive index of the material and
A's the gratng period. For the recording wavelength, the gratings may not be in the volume
regime of diffraction. The gratings are recorded in a standard two-beam interferometric set-up.
The laser beam is split into two. These two beams are expanded and overlap on the
photosensitive material. They form an interference pattern with a period in accordance to
Bragg condition, i.e., n A sin(@) =A, whete Bis the angle of the incident beam. After exposure
of the photosensitive film to the interference pattern, the film is rotated around its normal by
$=2m/N degrees and is exposed to the interference pattern again. That procedure is repeated
untl the necessary number of multiplexed gratings is reached.

At the reconstruction of the hologram, the angle of the incident light beam comes from a
direction that satisfies Bragg condition for the operating wavelength. There are N/2 volume
holographic gratings recorded in the photosensitive material that have N/2 different direction
of their first-order diffraction. Because of the Bragg degeneracy effect that takes place,
however, the incident light is split into N directions. Bragg degeneracy effect happens when
the hologram is reconstructed from a specific direction, ie., the direction in the orthogonal
plane where the volume grating is not angularly selective. For a holographic grating, Bragg
diffraction also occurs for beams tilted from the recording angle in the direction orthogonal to
the plane containing the two recording wave-vectors. Beam pairs defining surfaces of two end-
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Figure 59. k-space diagram illustrating the recording of a six-lobe pattern
and replay at a different wavelength. K1, K2 and K3 are grating vectors, ks

are the directions of the output.

to-end cones form the same angle with respect to the gratng. This specifies a strip on-the 4-
sphere with the size of the grating-vector normal to all wave-vector pairs. The strips from all
multplexed grating-vectors K, intersect one another in N points of a regular N-polygon made
out of N/2 grating vectors in the upper half of the #-sphete shown in Figure 59. The wave-
vectors of the incident light k, whose tips lie at these points simultaneously satsfy Bragg
conditions for two adjacent grating-vectors. The first-order-diffracted beams sausfy Bragg
condition for the adjacent two grating-vectors. They are re-diffracted again undil the diffracted
light is distributed to all the N points. When the incident light comes from one of these
directions, it will be split into N beams, one transmitted and (N-1) diffracted, with the
directions of the k, vectors.

The concept is shown in Figure 59 for a six-lobe diffraction pattern consisting of three
multiplexed gratings rotated by @ =60 degrees where Kj, i=1, 2, 3 represent the grating
vectors, and ki , i=1, .., 6 - the replay directions. Only half of the #&-sphere is shown for the
sake of clarity. To achieve a diffused pattern in the lobes, an additional exposure is made by
recording a holographic image of a glass diffuser without a reference beam. When a light beam
is incident on the holographic element in accordance with Bragg condition, the resulting
transmitted pattemn consists of six lobes pointing at different directions with each lobe having
the scattering pattern of the recorded glass diffuser. This diffuses the light in each direction
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generated by the hologram to make it comply with the eye safety standards. A schematic
representation of the pattern is shown in Figure 59. Bragg condition controls the angle
between the lobes. The holographic recording geometry and the recorded image of the diffuser
control the scattering pattern of each lobe. The holographic diffuser can be used for different
wavelengths. Bragg condition is automatcally satisfied for different wavelengths by re-
adjusting the corresponding Bragg angles due to wavelength shift, as can be seen in Figure 59.

8.2.2 Recording procedure

DuPont's photopolymers were used as the photosensitive medium for the hologram recording.
They feature high diffraction efficiency, low absorption and scatter, easy and repeatable
processing. The processed holograms ate stable, insensitive to humidity and temperature. The
simple and reliable procedure for producing holograms in DuPont's photopolymers is an
advantage over the wet chemical processing required for the widely used dichromated gelaan
(DCG), and silver-halide emulsions. Hologram recording consists of exposure, UV cure, and
heat process. According to the product information sheet, the exposure requirements are 50
mJ/em2, curing condition requires 50-100 mJ/cm? and baking after cunng is at 120 CO for
two hours. The photopolymer film is protected on both sides with Mylar sheets to avoid
shrinkage due to loss of volatile components.

The holographic recording film used in this application was DuPont HRF-600X001 of 20 pm
thickness and sensitive to the Ar™ wavelength A = 514 nm. The films are suitable for

transmission holographic elements. The films were exposed with the base and cover sheets
intact by coupling them to a black absorbing plate with an index-matching liquid. This is done
to suppress back-reflected light from being recorded into the photosensitive matenial that
could deteriorate the diffraction efficiency and the signal-to-noise ratio. A holographic grating
is formed in real-time during exposute with a significant refractive index modulation. During
exposure, the sensitizing dye is visibly photo-bleached. The uniform UV exposure is required
to complete polymerization. Complete photo bleaching occurs after the heat processing which
enhances the index modulation and respectively the diffraction efficiency and leaves the
matenial transparent and with a very low absorption. Because of the symmetric design,
thickness changes in the photosensitive material after processing do not affect the

performance.
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Figure 60. Diagram of the six-lobe scattering pattern of the holographic
diffuser.

Diffusers with four- and six-lobe scattering patterns have been fabricated in DuPont's
holographic recording films the two-beam interferometer. For the four-lobe diffuser, two
gratings of equal periods A= 1.2 um were perpendicularly superimposed, i.e. crossed gratings.
Three gratings of equal periods A= 1.2 um were multiplexed at 60 degrees for the six-lobe
diffuser. In the final exposure, the hologram of a ground glass diffuser was recorded with most
of the diffused light within a cone of a 10 degrees half-angle. When the incident beam comes
from the direction satisfying Bragg condition, the resulting radiation pattern consists of four
lobes with each lobe having the scattering pattern of the glass diffuser recorded in the
photosensitive material. According to the eye-safety standards evaluated in [86], assuming a
source diameter of 4 mm, the transmitted power of 200 mW, in the presence of the diffuser, is

below the hazardous levels of exposure under normal operating conditions. That is if they are
looked at from a distance of 5 cm for less than 15 min.

8.3 MEASUREMENT SETUP

To examine the properties of the infrared channel, the frequency response of the channel was
measured by using the measurement set up that was described before. A swept-frequency
signal from a network analyzer was amplified and converted to an optical signal in the optical
transmitter using a 808-nm semiconductor laser diode. The optical head of the transmitter
consists of either a glass diffuser or a holographic diffuser. A sealed box was used for the glass

diffuser to minimize the loss of optical power due to back scattering and multiple-reflections.
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In the case of holographic diffuser, the lightwave emitted by the laser diode illuminated the
holographic diffuser through an optical system assembled to reduce the beam divergence. The
light passing through the holographic diffuser was diffracted into a multiple-lobe diffused
pattern. The transmitter was placed at 2 height of 60 cm and directed to the ceiling. The light
was diffusely reflected from the ceiling toward the fioor. Depending on the type of used
holographic diffuser, four or six illuminated areas were generated on the ceiling where each
one became a secondary distributed source of infrared radiation. A portable optcal receiver
facing the ceiling picked up the signal.

In this particular set of measurements, the emitted optical power was around 130 mW from
the laser diode. The optical loss in the transmitter was around 4 dBo for the glass diffuser and
around 3 dBo for the holographic diffuser and its corresponding optical subsystem. It should
be noted, however, that using a proper optical packaging can reduce the optical path loss of a
system employing holographic diffuser while the loss in the glass diffuser is inherent to the
volume scattering mechanism in the glass. In fact, the loss in our system was mainly due to the
optical subsystem that was used in conjunction with the holographic diffuser, and the loss of
the holographic element itself was less than 0.5 dBo.

The optical receiver consisted of an interference filter of a 70 nm FWHM for filtering out the
background fluorescent light and a 25 mm? -area avalanche photodiode (APD) with a large
dynamic range. The receiver sensitivity was 10 nW providing power margins of more than
70 dB. The frequency response of the system was measured from dc to 300 MHz. The
measurement results were calibrated by measuring the frequency response of the transmitter
and receiver in a back-to-back configuration that is almost flat up to 300 MHz. The same
calibradon method, which was described in previous chapters, was used for these

measurements again.

8.4 MEASUREMENT PROCEDURE

The objective of the experiment was to compare the performance of the holographic diffuser
with the opal glass diffuser based on the spatial distribution of the received optical power and
the channel delay spread. The frequency response of the channel was measured in wo
different rooms (room K and L), as shown in Figure 61 where the location of the transmitter is

also shown. To find the spatial distribution of the desired channel parameters, the receiver was
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Figure 61. Two rooms were used for comparison between holographic diffuser and
glass diffuser. In each room, the channel frequency response was measured in all the
specified points. (70 points in room K and 91 points in room L). Tolerance of the

system to shadowing was also investigated by using a partition as shown in the

figure.

parameters, the receiver was moved in 0.5m steps in both directions on a gnd pattern that
covered the entire room. The height of the receiver was 1 m and it faced the ceiling.

In room K, one set of data was collected using a glass diffuser and the second set corresponds
to the six-lobe holographic diffuser. In room L, results for two four lobe holographic diffusers
with different angles between the lobes are reported. There are also reports on two sets of
measurements collected by using the glass and holographic diffusers without using an optical
flter at the receiver. Removing the optical filter from the receiver increases its FOV and
changes the results accordingly. Therefore, in summary, room L results contain two sets of

measurements with the glass diffuser, with and without filter; two sets using a six-lobe
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holographic diffuser, with and without filter, and two sets of data using two different four-lobe
holographic diffusers with an optical filter.

The Lambertian radiation pattern generated by the glass diffuser illuminates the entire ceiling,
making it a distributed power source with more power coming from the ceiling area that is
right above the transmitter. This enhances the shadowing problem in the comers. The
holographic diffuser generated multiple secondary sources of radiation on the ceiling which are
also different in their physical locations. Looking to the ceiling through an infrared camera,
these secondary sources of infrared energy can be seen as bright circles with radiuses of around
30cm for our holographic diffusers. Therefore, it is more unlikely for a shadower to block all
the power coming from these multiple sources. This is in effect, a form of transmission
diversity. It generates a better spatial distribution of power and reduces the chance of blockage
of all the received optical power. To examine the shadowing problem, an office partition was
placed in the comer of room L, as shown in Figure 61. For all the points affected by
shadowing (as marked in this figure), the channel transfer function is recorded. The recording
was done using both the glass diffuser and the holographic diffuser. The effect of shadowing
was compared for the two diffuser types.

8.5 MEASUREMENT RESULTS

The results of the measurements are plotted in Figure 62 to Figure 68. Each figure consists of
six plots. The first row of plots represents the spatial distribution of the received optical power
and the delay spread. These two plots show how changing the diffuser affects the pattern of
the received power and the delay spread.

The second row contains the cumulative distribution of the same two parameters. The
statistical parameters derived from these distributions are prnted in the comer of each plot.
The average, the standard deviation (std) and also the 10 percentile (90* percentle for the
delay spread) are shown in each graph. The physical meaning of 10 percentile for the power
distibution is that 10 percent of the room area receive an amount of power that is smaller
than the 10™ percentile mentioned in the graph. For the delay spread, it could be said that 90
percent of the room area has delay spread that is smaller than the indicated number on the
delay spread graph.
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Figure 62. Received optical power and the channel delay spread for room K using a
glass diffuser. The two plots on the first row are the spatial distributions of these
parameters. The second row plots correspond to the cumulative distribution of
these parameters. Some statistical parameters are also mentioned on the atle of

these graphs. The third row is a plot of these parameters versus the distance

between the transmitter and the receiver.

The third row contains the values of the measured parameters versus the distance between the
transmitter and the receiver. This distance is defined to be the smallest direct path between the

location of the transmitter and the location of the receiver. In an ideal case, we would like the
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Figure 63. The received optical power and the channel delay spread for room K using a six-

lobe holographic diffuser. The two plots on the first row are the spatial distributions of

these parameters. The second row plots correspond to the cumulative distribution of these

parameters. Some statistical parameters are also mentioned on the title of these graphs. The

third row is a plot of these parameters versus the distance between the transmitter and the

receiver.

channel parameters to be insensitive to the distance between the transmitter and the receiver.

These graphs show how close are the measured results to the ideal case using different

diffusers.
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Figure 64. The received optical power and the channel delay spread for room L
using a glass diffuser. The two plots on the first row are the spatial distributions of
these parameters. The second row plots correspond to the cumulative distribution
of these parameters. Some statistical parameters are also mentioned on the dtle of
these graphs. The third row is a plot of these parameters versus the distance

between the transmitter and the receiver.

The results for room K are shown in Figure 62 and Figure 63. The received optical power
distribution has a smooth shape with a peak at the center when the glass diffuser is used. Using
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the holographic diffuser results in multiple smaller peaks distributed in the room. Therefore,
the varance of the power distribution is smaller when the holographic diffuser is used. It is
also seen that in this particular case, there is an improvement of about 2 dBo in the average
and 1 dBo in the 10" percentile of the received optical power. The delay spread for the two
cases has some noticeable change in terms of spatial distribution and the average is slightly
higher when the holographic diffuser is used.

The results for room L when a filter is used are shown in Figure 64 to Figure 66. Again, the
change in the patter of the received optical power and the delay spread could be seen on the
graphs. Since the optical filter has a limited field-of-view (FOV), the spatial distribution of the
received optical power is approximately following the illuminated pattern on the ceiling. The
peaks occur when the receiver is below a brighter spot on the ceiling. The performance
degrades when it moves towards the corners. Comparing the results obtained by using the
holographic diffusers in room L with the glass diffuser results, it is seen that the six-lobe
holographic diffuser increases the average received optical power by about 1.3 dBo. The 10
percenle of the received power increases by about 2.4 dBo. That means an improvement of at
least 2.4 dBo in the received optical power for more than 90% of the room area.

The corresponding gains in the received optical power when a four lobe holographic diffuser
is used are 1.4 dBo and 1.7 dBo, respectively. This is a very good advantage in terms of power
efficiency. Note that, although the average delay spread of the channel in these configurations
have increased compared to the glass diffuser case, the main reason of this increase is the

receiver optical filter that was used in these measurement.
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Figure 65. The received optical power and the channel delay spread for room L
using a six-lobe holographic diffuser. The two plots on the first row are the spatial
distributions of these parameters. The second row plots correspond to the
cumulative distribution of these parameters. Some statistical parameters are also

mentioned on the title of these graphs. The third row is a plot of these parameters

versus the distance between the transmitter and the receiver.

The average delay spread of the system employing holographic diffuser would not be much
more than that of a glass diffuser if the receiver has a wide FOV. The wide FOV could be
achieved by employing a proper filter that is designed to provide a small optical line-width to

reject the ambient noise and at the same time have a wide FOV.
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Figure 66. The received optical power and the channel delay spread for room L
using a four-lobe holographic diffuser. The two plots on the first row are the
spatal distributions of these parameters. The second row plots correspond to the
cumulative distribution of these parameters. Some statistical parameters are also
mendoned on the title of these graphs. The third row is a plot of these parameters

versus the distance between the transmitter and the receiver.

Figure 67 and Figure 68 contain the msasurement results for room L using the 6-lobe
holographic diffuser and the glass diffuser without using optical filter at the receiver. The filter
used in these experiments is a glass filter with a narrow FOV and a full width half magnitude
wavelength of about 50 nm centered at 808 nm. The narrow FOV of the filter severely limits
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Figure 67. The received optical power and the channel delay spread for room L
using a glass diffuser and without using the optical filter at the receiver. Top two
plots show the spadal distributions of these parameters. The second row plots
correspond to their cumulative distribution. Some statistical parameters are also
mentoned on the ttle of these graphs. Plots in the third row show their variations

versus the distance between the transmitter and the receiver.

the received optical signal and causes powet loss as well as degradation in the impulse response
shape that in tums increases the delay spread of the system. Much better filters can be
designed for this application with wider FOV and lower attenuation [53).
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The effect of the used filter is more severe for the holographic diffuser than it is for the glass
diffuser. Therefore, a fair comparison between the two diffuser types should include a case
where the receiver has a wide FOV. To do this comparison, the filter was removed. Since the
removal of the filter increases the receiver FOV, it is observed that the spatial distribution of
the received optical power has changed for the holographic diffuser case. In the comers, the
receiver can see the brighter spots on the ceiling. Therefore, the received optical power
distnbution is smoother, and the delay spread is much smaller for the holographic case. In
terms of power distribution, there is an increase of about 0.7 dBo on the average received
optical power and 1.5 dBo in the 10" percentile. The variance of the received optical power is
also 1 dBo smaller for the holographic diffuser case, showing a smoother distribution of the
teceived power across the room. The delay spread in this case is also much smaller when the
holographic diffuser is used. For example, compared to the glass diffuser, there is a reduction
of about 1.5 ns in the 90" percentile of the delay spread when the holographic diffuser is used.
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Figure 68. The received optical power and the channel delay spread for room L
using a six-lobe holographic diffuser and without using the optical filter at the
receiver. The two plots on the first row are the spatial distributions of these
parameters. The second row plots correspond to the cumulative distribution of
these parameters. Some statistical parameters are also mendoned on the ttle of

these graphs. The third row is a plot of these parameters versus the distance

between the transmitter and the receiver.

This clearly shows the benefits of having a combination of a properly diffused source with a
wide FOV receiver. Such wide FOV receiver includes properly designed optical filters to make

the system useful in the presence of the background radiation sources. This combination
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Figure 69. Effect of shadowing on the received optical power in the shadowed area
of room L. The drop in the received optical power is more severe when a glass
diffuser is used. The system that uses a holographic diffuser is more tolerant to

shadowing.

increases the power efficiency of the system and reduces the delay spread. A summary of the
results for the distribution of the received optical power in room K and room L is reported in
Table 8.

The shadowing experiment shows another clear advantage for the holographic diffuser. For
each of the points specified in shadowed area in Figure 61, the received optical power is
measured in the presence and absence of the shadowing partition. The drop in the value of the
received optical power due to partition shadowing is shown in Figure 69. The results show that
the shadowed points had a drop in their received power from 2 dBo to 5 dBo when the glass
diffuser was used. However, the same shadowing configuration resulted in a drop of 0.1 dBo
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64,1 643 648 571 56,3

Average " -

Maximum . ) -55 -50 -53 -51 -52

Minimum - § -72 -72 -73 -62 -62

10% -68.9 | -709 -71.5 -61.5 -60

Variance {1 4 . 5 4.8 33 2.6
Table 8. Normalized received optical power (in dBo) using holographic diffuser and glass
diffuser.

to 2 dBo when the holographic diffuser was used. This could be intuitively understood by
noting that the holographic diffuser generates multiple separate illuminated areas on the ceiling
directed toward the comers. Having multiple sources and making them widely separated helps
to reduce the probability of blocking the optical signal that is detected in the receiver.

8.6 SUMMARY AND CONCLUSIONS

Diffusers are needed to modify the radiation pattern of laser sources and provide an eye-safe
radiation pattern. Glass diffusers are the most widely used type of diffusers and they provide a
Lambertian radiation pattern which is not an optimal pattern for diffuse configuration.
Holographic diffusers can be designed and used to provide more efficient radiation patterns.
Two types of holographic diffusers are designed and built to verify the advantages of
holographic diffusers. Measurements in two rooms were conducted to investigate the effects
of the radiation pattemns generated by these holograms and the results are reported. It is shown
that the holographic diffusers provide more uniform distribution of optical power across the
room and at the same time increase the resistance of the infrared link to shadowing. The latter

is achieved by providing transmission diversity through multiple lobes of the radiation pattern.
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CHAPTER NINE

9 CONCLUSION
e ————

9.1 SUMMARY OF RESULTS AND CONCLUSIONS

Design of an indoor broadband wireless system using infrared needs careful attention to the
details of transmission and reception subsystems as well as detailed knowledge on the
characteristics of the channel. To investigate the channel effects, a simulation algorithm that is
well known in infrared literature is reviewed and its implementation details are discussed.

Using this simulation algorithm, it is shown that a proper design of such a system involves
proper design of the transmission subsystem and proper arrangements of the transmitters
and/or diffusers. Overall, it is shown that by using proper design and implementation of the
transmission system, an improvement of 4 to 8 dBo in the received optical power can be
achieved. Also, the channel delay spread and the dynamic range of the power can be made
smaller by choosing proper configurations. The proposed configurations in Chapter 4 are just
samples of possible choices and they just confirm the fact that a proper link design includes
optimization of transmission arrangements. Depending on the applications and the
environment type, configurations that use multiple diffused sources (ceiling mounted or table
top) show better characteristics compared to simple one source diffused or LOS. Furthermore,
when more than one transmitter is used, a proper power control algorithm can be used to
tumn-on only the desired optical sources. This can be thought as a transmission diversity that

can save transmission power and reduce the risk of shadowing.
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A wide-band measurement system that has been used to characterize the infrared channel has
been described and its parameters have been summarized. Measurements have been
performed to investigate the effects of receiver rotation, receiver displacement, shadowing and
transmission configuration on the channel characteristics.

A database of channel transfer functions for 136 sets of rotation cases in 9 different rooms
containing more than 5000 channel transfer functions has been collected. This database is used
to show that the variation of channel path loss versus the receiver elevation angle has some
general, room independent properties. It is shown that the receiver path loss is a smooth,
predictable function of elevation angle and the location of its minimum can be predicted. A
nonlinear curve-fitting algorithm can be used to interpolate between a few known values in any
rotation set to find the path loss at every desired elevation angle. It was shown that this curve
could be approximated by applying an enhancement algorithm on the results of the simple
one-bounce simulation algorithm. It was demonstrated that the channel path loss and the
channel delay spread are correlated values for a rotating receiver.

The effects of receiver displacement on the variation of the channel path loss and the channel
delay spread were investigated in Chapter 6. Results of the simulation algorithm were
presented and a general algorithm to enhance the accuracy of the one-bounce model was
presented. The measurement results were used to show the accuracy improvements by using
the proposed algorithm.

Shadowing measurement results are reported in Chapter 7. The relationship between the
amount of expected drop in optical power and the receiver height, receiver to transmitter
distance and the distance of the shadower to the receiver was described. The changes in the
value of the channel delay spread in the presence of shadowing were also discussed and
numerical results from the measurements were presented.

Chapter 8 contains the report on fabrication and use of holographic diffusers for shaping and
diffusing the infrared light in an indoor infrared transmission system. The holographic
elements have the advantage of lightweight and they could be designed and fabricated to
match the required transmission parameters such as a given optical distribution pattern. They
could also be inexpensively mass-produced and easily packaged. The reported measurements
veified that employing a properly designed holographic diffuser could reduce the path loss of
a non-directed optical link. Using these elements will also provide a uniform distribution of the

received optical power in a given area. The results also demonstrated another advantage of
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using the proposed holographic diffuser, which is the added tolerance of the link to
shadowing.

9.2 SUGGESTIONS FOR FUTURE RESEARCH

The research on IR wireless access is far from being complete. There are many interesting
problems, which need the attention of the scientific community for solution.

Starting from the solid state physics, more research is anticipated that could extend the
efficiency of the semiconductor infrared lasers and provide more cost-effective manufacturing
mechanisms to reduce the cost of these devices. Furthermore, proper use of holographic
diffusers could allow a one-shot manufacturing process in which the diffusers are integrated as
parts of the laser heads to provide optimum and eye-safe optical power distribution patterns.
Improving the eye-safety of the transmission by using proper holographic diffusers with
proper diffusing layers on them needs more investigation and practical experiments. Efficient,
eye-safe and controlled transmission of infrared power is an essential issue for any
cost-effective implementation of high-speed infrared communications systems.

Optical filters that are essential parts of the infrared receivers can also be enhanced to provide
a smaller bandwidth while being less sensitive to the angle-of-arrival of the optical signal. The
use of holograms as optical filters and concentrators could also provide revolutionary
implementation mechanisms and cost-effectiveness to the infrared receivers.

On the system side, further research could provide better and more efficient coding and
modulation schemes for the transmission and better detection on the receiver side. The use of
trellis and rurbo codes in conjunction with PPM or OOK modulation schemes needs further
investigation. Also, efficient detection and equalization schemes may improve the power
requirements of the transmission system and provide more margin to resist shadowing and
background noise.

Infrared links are subject to shadowing and this is one of their weak aspects. If these are to be
implemented for all-purpose indoor networking, the higher layers of the networking software
should be able to handle interruptions in the data flow and deal with it properdy. This
demonstrates the need for further work on the software side of implementing networks based
on infrared.
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Investigation of the effects of channel rotation, displacement and shadowing can further be
improved by collecting more information about the channel variation under broader set of
environmental conditions. For example, the enhancement accuracy algorithms that were
provided in chapters 5 and 6 could be verified for rooms with higher ceilings. This may not
change the algorithm, but may change the derived parameters of the proposed polynomials.
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APPENDIX A: VARIATION OF THE

RECEIVED OPTICAL POWER FOR A

ROTATED RECEIVER
e —————————

The graphs in this appendix show the measured variation of the received optical power for a
rotating infrared receiver in different rooms/conditions. They also include the results for the

same conditions as reported by the simulation program and the peak-estimation technique
developed in Chapter 4.
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APPENDIX B: MESUREMENT SITES
k

This appendix contains the shapes and physical dimensions of the rooms that were used for
the receiver rotation measurements. The locaton of the infrared source, receiver and the
directions of receiver rotation are also shown in the graphs. Measurements are performed in
the Colonel By (CBY) building at the main campus of the University of Ottawa. This building
is the main building for engineering programs. The subsequent four letters specify the room
number in the CBY building. For example, room A is specified by CBY: E015 that means the
room EO15 at the ground floor of the CBY building. Figures are intended to show the
approximate size of the room and placement of the source and receiver. Not all objects inside
the rooms are specified in the figures. A short description of the measurement environment

provides important distinctive characteristics of each particular measurement site.
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Room A

Height (m)
Ceiling | 2.55

2.0 m

Source 1.3
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d
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‘w_

F47 Entrance 6.00 m R

Room A (CBY E015)

A classroom with 5 rows of chairs, a total of 33 chairs for students. Walls are rough concrete
type with yellowish color. Ceiling is flat with the same color. Green board extends over the
entire width of the class. There are 16 flourescent lamps with transparent plastic covers on the
ceiling each is 1.2m by 0.3m. In the diffuse measurements where the ceiling is illuminated by
the infrared radiation, it seems that little energy is reflected from these covers and most of the
received energy passes through the covers and is being absorbed. All office and class
environments that are used for measurements have the same type of ceiling unless otherwise

specified in the room description.
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Room B (CBY E016)
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A square shaped classtoom with 4 rows of chairs, 8 chairs per row. A green board in one side
of the room with the wall surface type being very similar to room A.
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Green Board
Room C
Entrance
Height (m)
Ceiling [2.75) [ o oo~ g
Source 1.18 5
Receiver| 1.0 - 4.80 m __,' cs a 8
1l
I 2
3
E
— 5.50m =
o

e— 7.00m

E =
2 8 —
~
‘
1.50m e 2
| _l l 3

k3 -

c E

g S

Room C (CBY D207)

A large square-shaped classroom with 9 rows of desks and chairs, a total of 110 chairs. Walls

are rough surfaces painted in white.

185



-

6.00 m

ny Y

Height (m)
Ceiling 2.35

Source 1.2
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Room D (CBY A605)

An office environment for two secretaries. It is a crowded room with lots of office equipment
such as filing cabinets, desks, chairs and computers. There are two partitions in the room as
marked in the figure. Each partition is covered with orange colored clothing. There are narrow
windows of width 25cm besides each door extending from the floor to the ceiling. In locadon
D1, the partition is at the desk height and does not block the line of sight between the location

of transmitter and the location of the receiver.

186

eouwajzuy



‘_’L 0.6 m Green Board
iy 3 =
] Room E
° 4.30m —m»
[+)}
- Height (m)
€ Ceiling |2.70
¢ ot Source |[1.2
™ Receiver| 1.0
§
3
E
o 3
o 4
- 4
2
[}
-y
-]
=
9.00 m - "
Room E (CBY C506)

A relatively small conference room with some bookshelves near the room entrance and a big
conference table in the middle. There are green boards on two sides of the room as marked in

the above figure. There is 2 metallic black door in one side of the room.
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Height (m)
Ceiling | 2.55
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Receiver| 1.0

7.90 m

«— 3486m — @

9.20 m

-

Entrance

Room F (CBY B202)

A moderate size classtoom with 7 rows of chairs and desks, and the capacity for 50 students.
The wall to the left of entrance has a rough surface with yellowish color. Other walls have
smooth surface but different colors. The east wall (dght wall in figure) is white. The upper half
of the west wall is white and the lower half is green. The north wall is covered by green board
in half. The bottom part of the wall is white.
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Room G (CBY 707A)

A relatvely small lounge adjacent to a large conference room. Removable grey colored full-
height partitions at the right side of the room build a wall that separate this lounge from the
adjacent conference room. There are 12 comfortable chairs around a cofee table in the lounge.
The floor is covered with blue color carpet and the windows that are shown in top and right
wall of the figure cover half the wall height. During measurements, windows were covered
with shades of grey color.
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Room I (CBY 707B)
A large conference room with a long conference table in the middle and a number of chairs

around it. As shown in the figure, there are windows on two sides of the room with a height of
1.2 m starting approximately 0.3m from the ceiling. There are Jight brown curtains covering

the windows during measurements.
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3.00m

Room J

Height (m)
Ceiling | 2.40
Source 1.3

Receiver| 1.0

Entrance

Room J (CBY A510)
A small office that has typical office equipments such as desk, filing cabinets and bookshelves.
One side of the office is covered by windows that are starting 0.3 m from the ceiling and have

a 1.2m height. Windows are covered with grey colored curtains during measurements.
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